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PERFORMANCE WITH AND WITHOUT INLET RADIAL DISTORTION 
OF A TRANSONIC FAN STAGE DESIGNED FOR REDUCED 
LOADING IN THE TIP REGION 
by James F .  Schmidt and Robert S .  Ruggeri 
Lewis Research Center 
SUMMARY 
A transonic compressor stage designed for a reduced loading in the tip region of 
the rotor blades was tested with and without inlet radial distortion. Three levels of 
tip radial distortion and one level of hub radial distortion produced by inlet screens 
were imposed on the inlet flow. 
for an operating tip speed of 420 meters per second. For clean inlet flow, overall per- 
formance data is presented at 60, 70, 80, 90, and 100 percent of equivalent design 
speed. With distortion, overall performance data is presented at 70 and 100 percent of 
equivalent design speed. Blade-element performance parameters are  presented for 
selected operating conditions at 100 percent design speed. 
design specifications. At design flow, a stage overall pressure ratio of 1.595 at an 
efficiency of 0.814 was achieved. The stage stall margin was only 8 percent and anal- 
ysis of the data indicates that the flow around the damper appears to be critical and 
limited the stable operating range of this range. 
With either tip o r  hub radial distortion, the overall pressure ratios for the rotor 
and stage were less than the undistorted values at any given flow rate and very little 
change in overall efficiency was noted. There was essentially no change in perform- 
ance with radial distortion at 70 percent speed. 
distortion, there was a large reduction in the rotor stall margin. 
The rotor was 50 centimeters in diameter and designed 
The clean inlet performance of rotor 2 1  and stage 21-18 compared favorably with 
For all levels of tip and hub radial 
INTRODUCTION 
The stable operating range of a stage is limited by the breakdown of flow in one o r  
more blade elements of the stage. Experience has indicated that the flow breakdown 
usually occurs first in the blade end regions (critical flow regions), particularly the 
rotor tip and the stator hub. For a given overall pressure ratio and speed, one poten- 
tial method for increasing flow range is to decrease the blade loading of one or more 
of the critical blade elements. Such a reduction of design loading in a rotor tip region, 
for example, could also provide a greater tolerance to tip radial distortion. 
The investigation reported herein studies the experimental performances of a stage 
when the design blade loading in the rotor tip region has been substantially reduced. In 
order to produce the same overall pressure ratio as a reference stage (ref. 1,  which 
was designed for a constant spanwise pressure ratio) , the blade loading (pressure ratio) 
levels in the midspan portion of the present rotor blade had to be relatively high, com- 
pared to the overall pressure ratio. Both stages were designed for an overall pressure 
ratio of 1.57 at a weight flow of 29.5 kilograms per second. The design rotor blade 
tip speed was 424.6 meters per second and rotor diameter was 50 centimeters. The 
subject stage was tested with inlet conditions of uniform (undistorted) flow, with just 
the backup o r  support screen (BUS), and with three levels of tip radial distortion. The 
tolerance of the new loading distribution to a hub radial distortion was also evaluated 
by testing with one magnitude of hub radial distortion. Al l  distortion patterns covered 
approximately 40 percent of the annulus area at the f a n  face. 
In this report the clean inlet performance is presented and discussed first. Par- 
ticular attention is addressed to radial distributions of blade-element parameters and 
to the stable operating range limitations. Performance with the backup screen in place 
is presented, and differences between the backup screen and clean inlet performance 
a re  briefly considered. Distortion screens are attached to the backup screen so dis- 
tortion performance is compared to the backup screen as reference, rather than to the 
clean inlet performance. The effects of three levels of tip radial distortion and one 
level of hub radial distortion are evaluated, and particular attention is given to the 
operation near stall in an attempt to identify the critical blade elements. 
was conducted at the NASA Lewis Research Center. 
This study 
STAGE DESIGN 
The overall design parameters for the test fan stage (designated stage 21-18) a re  
listed in table I. The stage was designed for an overall pressure ratio of 1.57, a 
2 weight flow of 29.5 kilograms per second, and a specific flow of 198.4 kg/sec/m of 
annulus area. The design blade tip speed was 424.6 meters per second. The stage 
was designed for rotor and stator tip solidities of 1.28 and 1.29, respectively. 
resulted in 44 rotor blades having an aspect ratio of 2.5 and 48 stator blades of 2.4 
aspect ratio. The inlet hubt ip  ratio was 0.5. The design values of blade-element 
parameters for rotor 21 and stator 18 a re  presented in tables I1 and III, respectively. 
The rotor blade geometry is presented in table IV and the stator geometry in table V. 
This 
2 
The area ratios less than 1.0 indicated in the rotor hub region from table IV were due 
to an e r ro r  in the early design calculations. However, the aerodynamic performance 
data does not appear to be affected by this error.  The rotor utilized a multiple cir- 
cular arc (MCA) blade shape and the stator a double circular arc (DCA) blade shape. 
Stage 21-18 design parameters were maintained as closely as possible with those 
of the reference stage (stage 11-4, ref. 1). The design overall flow, stage pressure 
ratio, and blade tip speed were the same. Both stages utilized the same annulus flow 
path (see fig. 1); hence the outer casing and certain other hardware were the same for 
both investigations. Blade chord length, aspect ratios, and solidity were very similar. 
The most notable design feature of stage 21-18 is the radial distributions of design 
pressure ratio (blade loading). Design total pressure ratio for rotor 21 varied from 
1.324 at the tip to a maximum of 1.721 at approximately 60 percent of the blade span 
from the tip, and then decreased to 1.458 at the hub; the corresponding aerodynamic 
blade loadings, in terms of diffusion factor D, were 0.27, 0.54, and 0.42, respec- 
tively. These rotor hub loadings were set in order to maintain stator hub loadings 
within acceptable levels. 
and 3. A complete list of symbols is presented in appendix A. Equations for calculat- 
ing overall and blade-element parameters are  present in appendix By and definitions 
and units of the parameters shown in the tables a re  listed in appendix C. 
The computer codes used to design stage 21-18 are  described in references 2 
APPARATUS AND PROCEDURE 
Compressor Test Facility 
The compressor test facility is the same as that described in reference 1. 
schematic view of the facility is shown in figure 2. For the present study, atmospheric 
air entered the test facility at an inlet on the roof of the building, flowed through the 
compressor test stage and was exhausted to a low pressure (6.754 newtondcm vac- 




Rotor 2 1  is shown in figure 3(a)). The rotor has 44 blades and each blade is made 
with a vibration damper located at about 49 percent of span from the tip (see fig. 3 (b)). 
The 48 cantilevered stator blades (fig. 4) are mounted to the outer casing. 
3 
Instrumentation 
The compressor stage weight flow was determined from measurements on a cali- 
brated thin-plate orifice. The orifice temperature was determined from an average of 
two Chromel- Alumel thermocouples. Orifice pressures were measured by calibrated 
transducers. 
meters upstream of the rotor, about half the distance (2.4 cm) between the rotor and 
stator, and approximately 50 percent of the stator chord downstream of the stator 
(see fig. 1). Two combination probes (fig. 5(a)) and two 8O C-shaped wedge probes 
(fig. 5(b)) were used at each axial measuring station. The probes are located 90' apart, 
with the two like probes located opposite each other (see fig. 6). The wedge probes 
were used to determine static pressure, and the combination probes were used to deter- 
mine total pressure, total temperature, and flow angle. Each probe had associated 
null-balancing equipment that automatically alined the probe to the direction of flow. 
Iron- constantan thermocouples were used in the combination probe to determine stream 
temperatures. Calibrated transducers were used to measure all pressures. 
Static pressure taps were also installed on both the outer and inner walls of the 
compressor casing. These static pressure taps were in stalled at the same axial and 
circumferential location as the probes (see fig. 6). 
was determined by an electronic speed counter. 
tral data recording system. 
mentation and recording system, are  as follows: 
Radial surveys of the flow were made at three axial locations: about 2.3 centi- 
The rotative speed of the test rotor 
The test data were recorded by a cen- 
The estimated e r rors  of the data, based on the inherent accuracies of the instru- 
Weight flow, k d s e c  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .kO. 3 
Rotative speed, rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53 0 
Flow angle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -I1 
. . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.6 Temperature , K 
Rotor inlet total pressure, N/cm . . . . . . . . . . . . . . . . . . . . . . . . .  50.01 
. . . . . . . . . . . . . . . . . . . . . . . . .  4.10 
Stator outlet total pressure, N/cm . . . . . . . . . . . . . . . . . . . . . . . . .  4.10 




Rotor outlet total pressure, N/cm 
Rotor inlet static pressure, N/cm 
2 Rotor outlet static pressure, N/cm 
Stator outlet static pressure, N/cm 
2 
2 
2 . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . .  
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Distortion Screens 
The radial distortion screens used in this investigation were mounted on a backup 
screen and located in the inlet flow path about 35 centimeters upstream of the rotor, as 
shown in figure 1. This backup screen has a 0.037-centimeter wire diameter and a 
1.9- by 1.9-centimeter clear opening. The eight support struts of the backup screen, 
which supports the distortion screens, are  shown in figure 7. The radial distortion 
screens (see fig. 7) were designed to produce distortion over 40 percent of the area at 
the fan face. The distortion screens consist of a 7-mesh screen (seven wires per 
2.54 cm) with a 0.081-centimeter wire  diameter and a 20-mesh screen (twenty wires 
per  2.54 cm) with a 0.043-centimeter wire diameter. Only the 20-mesh screen was 
used for the hub distortion flow. In addition to the 7-mesh screen and the 20-mesh 
screen used for the tip distortion flows, a double screen combination consisting of both 
the 7-mesh and 20-mesh screens was also used. Different screen porosities produced 
by the different size mesh screens were picked to provide various magnitudes of radial 
distortion as defined by the usua l  distortion parameter: 
(Distortion parameter) radial = (Pm;i:mii) 
Test and Calculation Procedures 
With clean inlet flow, compressor test data were taken over a range of weight flows 
from maximum flow to stall at blade speeds of 70, 90, and 100 percent of equivalent 
design speed. A t  50, 60, and 80 percent of design speed, radial surveys were made 
at the near-stall weight flow only. With distortion, test data were taken over a range of 
weight flows from maximum flow to stall at blade speeds of 70 and 100 percent of equiv- 
alent design speed. At 60, 80, and 90 percent of the design speed, radial surveys were 
made at the near-stall weight flow only. Data were recorded at 11 radial positions for 
each speed and weight flow. 
traversed across one blade passage to nine circumferentially different locations; values 
of total pressure, total temperature, and flow angle were recorded at each circumfer- 
ential location. 
compressor until an abrupt drop in total pressure ratio occurred. Also, fluctuations in 
compressor discharge pressure and blade stress were observed when stall was en- 
countered. When the stall conditions were noted, the discharge throttle was immediate- 
ly opened. The weight flow was then set  close to the weight flow at which stall 00 
At each radial position the two combination probes were 
Compressor stall points were established by increasing the back pressure on the 
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curred, the radial survey data was taken at this near-stall condition. With the stall 
weight flow already known, the stall total pressure ratio was approximately by Huating 
the ratio of the near-stall pressure ratio divided by the stall pressure ratio equal to 
the ratio of the near stall weight flow divided by the stall weight flow. From this re- 
lationship and the near-stall data the stall pressure ratio was easily obtained. 
ured outlet total temperatures and total pressures were corrected for Mach number and 
streamline slope according to the calibrations given in reference 4. Static pressure 
was also corrected for Mach number and streamline slope. 
total pressure, total temperature, and flow angle were obtained for each radial position. 
The nine values of total temperature were mass averaged to obtain the total- 
temperature rise. The nine values of total pressure were energy averaged. The 
measured values of pressure, temperature, and flow angle were used to calculate axial 
and tangential velocities. To obtain the overall performance, the values of total tem- 
perature were radially mass-averaged, and the values of total pressure were energy 
ave raged . 
Blade-element and overall performance parameters were  calculated in accordance 
with the equations defined in appendix B. The blade-element data have been translated 
from measurement stations along design streamlines to locations on the blade leading 
and trailing edges. The translation procedure described in reference 2 was used. In 
addition to translating the flow measurements along design streamlines, this translation 
procedure also assumes that angular momentum is conserved, that total pressure and 
total temperature is constant, and that the ratio of the product of the local density and 
axial velocity at the measuring station to its value at the blade edge is constant along 
the design streamlines. 
The data presented herein have been corrected to standard-day conditions. Meas- 
At the stator exit, circumferentially averaged values of the nine measurements of 
RESULTS AND DISCUSSION 
The overall performance data for the rotor and stage with clean inlet flow are  
presented first. 
tributions of various performance parameters a re  presented graphically and complete 
blade-element data a re  also tabulated in tables VI1 to XII. Some of these data for the 
rotor and stator a re  also presented in graphical form along with a short discussion. 
With the backup screen in place the overall performance data for the rotor and 
stator a r e  presented only in plotted form. The effect of the backup screen is briefly 
presented. 
tip radial distortion and one level of hub radial distortion are presented. 
(These data are tabulated in table VI for convenience). Radial dis- 
Finally, the overall performance data for  the rotor and stage with three levels of 
(Complete 
6 
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tabulations are included as tables XIII to XVI). Radial distributions of various blade- 
element performance parameters are presented, and a general discussion of the radial 
distortion effects on the rotor and stage performance is then given. The performance 
with the backup screen (BUS) in the inlet (without the distortion screens) is used as a 
reference condition for assessing the effect of distortion on rotor and stage perform- 
ance. 
The abbreviations and units used for the tabular data are defined in appendix C .  
Performance With Clean Inlet Flow 
Overall performance. - The overall performance for rotor 21 is presented in fig- 
ure 8, and the overall performance for the stage 21-18 is presented in figure 9. The 
total pressure, total temperature ratio, and efficiency are  plotted as a function of 
equivalent weight flow for rotative speeds of 60, 70, 80, 90, and 100 percent of design 
speed. At  60 and 80 percent of design speed, data a re  presented only for the near- 
stall condition. The design point is indicated by the solid symbol. 
The overall performance of rotor 2 1  and stage 21-18 compared very well with the 
design specifications. Specifically, the peak efficiency for rotor 21 at design speed is 
0.847, compared to the design value of 0.854. 
(2 9.47 k d s e c ) ,  which was also very close to peak efficiency, the measured total pres- 
s u r e  ratio of 1.632 is greater than the design value of 1.606. 
similar to those for rotor 21. A t  design flow, the stage efficiency is 0.814, compared 
to the design value of 0.816. At  this weight flow, the measured total pressure ratio 
of 1.595 is greater than the design values of 1.574. Peak stage efficiency of about 
83 percent occurred at a flow (106 percent design flow) where the stage produced a 
pressure ratio of 1.557. 
sign and two points higher than the maximum stage efficiency (0.81) measured from 
the reference stage, 11-4 (see ref. 1). Based on design flow, the stage stall margin 
is a little over 8 percent while, based on the peak efficiency operating point (W = 
1.06 Wdes), the stall margin is about 14 percent. These values are  disappointing as 
regards to the design intent of providing an increased stable operating range and do 
not represent any improvement over stall margin levels of the reference stage (11-4). 
Evidently, the spanwise loading used in this design results in flow across elements 
other than the tip reaching a critical flow state and limiting the useful flow range. 
ance parameters for 100 percent of design speed are presented in figure 10  for rotor 21 
and figure 11 for stator 18. In each figure, data are presented for the three weight 
flows: maximum flow, peak efficiency, and near stall. The design distributions of the 
At the 100 percent weight flow (29.47 
For stage 21-18 the overall performance trends with respect to design values are 
This 83 percent peak efficiency is one point greater than de- 
Radial distributions. - The radial distributions of several blad*element perform- 
7 
bladc+element performance parameters a re  shown by the solid symbols. 
as indicated by the measured incidence angle from hub to tip, is very close to the design 
calculations. However, all the outlet measurements presented in figure 10  show signif- 
icant deviations from design in the flow across the midspan damper and tip regions. 
Plausible reasons for the large deviations from design are  as  follows: first ,  the dam- 
per results in a flow blockage and high loss flow region which is probably traceable to 
rather high suction surface Mach numbers in this region. The damper also results in 
a redistribution of flow in the hub and tip regions. A second factor affecting perform- 
ance in the tip region is the significantly lower deviation angle than the deviation angle 
predicted by the design method. 
the increased levels of energy addition (total temperature ratio and total pressure 
ratio). However, the increased throughflow indicated by the meridional velocity ratio 
keeps the blade loading D relatively close to design values. One possible reason for 
the large differences between the measured and design deviation angles is that the pre- 
diction methods for deviation angle do not reflect all the real flows, particularly the 
shock patterns and secondary flows occurring in the tip region. In addition, the data 
reduction procedure (translation along design streamlines) and the effect of blade on 
twist may also contribute to the questionable condition of negative deviation angle. 
For the near design weight flow (29.47 k d s e c ) ,  the flow conditions entering the 
stator a re  similar to the design prediction except for the extreme tip region and a 1+ 
calized midspan region (see fig. l l (a)) .  This difference between the measured and de- 
sign incidence angle in the midspan region is probably caused by the rotor damper. 
From the outlet measurements, the stator operated reasonably close to design. The 
total pressure loss coefficient W was somewhat higher than design, most notably in 
elements closest to end walls. 
Stable operating range. - The performance distributions near stall are  of interest 
because they indicate where the flow breakdown probably occurred, thereby limiting 
stable operation of this stage. Values of diffusion factor a re  indicated in the following 
table at near-stall operation for stage 21-18 and stage 11-4 (ref. 1): 
From figure 1O(d) the entering flow to the rotor for the weight flow (29.47 k$sec) , 




















The data in this table seem to indicate that (for stage 21-18) the rotor tip element did 
not reach stalling values. Because of the increased loading in midspan of the rotor, 
flow separation about the damper may have occurred and limited the stable operating 
range. A second critical flow region may have been the stator hub for both stages. In 
reference 5, where i t  was known that the stator hub flow limited the stage operating 
range, a stator hub diffusion factor Dgo of about 0.50 was measured as it was in the 
subject stator. However, the flow Mach number entering the stator of stage (15-9) 
(ref. 5) was somewhat higher (-0.85) and the meridional velocity ratio was somewhat 
higher (-1.0) than the same parameter values for stator 18 presented in this report, so 
the comparison is not exact, the possible critical flow region (hub of stator 18) is there- 
fore not certain. 
The design objective of increasing the stable operating range by using a reduced 
level of design blade loading in the rotor tip region was greatly restricted by a resulting 
critical flow region around the rotor blade. The increased loading over the remaining 
portion of. the blade span (to attain a given overall pressure ratio) resulted in a critical 
stall-inducing flow across the blade section before an improved stable operating range 
could be realized. 
as the critical flow region. 
loading to allow the blade elements to approach a stalling flow together must be con- 
sidered to optimize the stable operating range. 
For this stage the flow across the partrspan damper is most suspect 
A careful tailoring of the radial distribution of design blade 
Performance With Backup Screen 
The effect of the backup screen on the overall performance for rotor 21 is pre- 
sented in figure 12(a), and for the stage 21-18 is presented in figure 12@). The overall 
performance with and without the backup screen is presented for speeds of 70 and 
100 percent of design speed. From figure 12(a) the effect of the backup screen at 
100 percent speed is seen to generally produce a higher overall total pressure ratio and 
efficiency from stall to choke condition. At 70 percent speed this effect is seen to be 
greatly reduced (see fig. 12 (a)). One possible reason for this increased total pressure 
ratio and efficiency at  the 100 percent speed is that the backup screen may significantly 
increase the flow turbulence level. This increased turbulence level could energize the 
the rotor and damper turbulent boundary layers and move the separation point further 
toward the trailing edge of the rotor blade and/or damper. 
Similarly, figure 12(b) shows that for the stage 21-18 the effect of the backup 
screen was to increase the total pressure ratio and efficiency above the clean inlet flow 
measurements. The backup screen had no apparent effect on the stable operating range 
o r  stall weight flow. 
9 
Performance With Tip and Hub Radial Distortion 
Before discussing the effects of radial distortion on a particular compressor stage, 
a measure of distortion produced by a distortion screen is needed. The distortion pa- 
rameter (same as ref. 6), used in this report, is defined by 
Calculated values from measured pressures at the rotor inlet station a re  presented in 
table XVII for the distortion parameter over a range of weight flows. Three different 
magnitudes of tip radial distortion and one magnitude of hub radial distortion were pro- 
duced by the radial distortion screens. 
Overall performance. - The overall performance for rotor 21 and stage 21-18 with 
various types of inlet flow distortions is presented in figures 13 and 14. The overall 
total pressure ratio and efficiency are  plotted as a function of the equivalent weight flow 
for rotative speeds of 70 and 100 percent of equivalent design speed. At 60, 80, and 
90 percent of design speed, data are  presented only for the near-stall condition. To 
aid in assessing stall margin, a fan operating line was imposed on the rotor overall 
performance plots. The method used for constructing the fan operating lirie (see ap- 
pendix D) is the same as described in reference 6 .  With inlet radial distortion the o p  
erating line differed from the undistorted operating line, tending to move the distorted 
operating line closer to the stall line (see fig. 13). Values of the radial distortion pa- 
rameter index defined by equation (1) near design speed weight flow are given for identi- 
fication on all the performance figures with radial distortion. 
backup screen (BUS) performance. From figures 13 and 14, the first  result is that 
there is. a decrease in the rotor and stage stall pressure ratio from the undistorted flow 
results, except for the lowest level of tip radial distortion at 100 percent design speed. 
For all levels of tip radial distortion, there is a significant reduction in the rotor stall 
margin. A t  the hi&er levels of tip radial distortion the stall margin is reduced to zero 
based on the operating line passing through the peak efficiency point of the BUS data. 
For the lowest level of tip radial distortion (0.127), distortion has little effect on 
the overall pressure ratio and efficiency of the rotor o r  stage (speed lines are  almost 
identical, see figs. 13(a) and 14(a)). For the tip radial distortion index of 0.164 and 
above (at design speed), figures 13(b) to (c) and 1400) to (c) show that there is a signif- 
icant decrease in total pressure ratio across the rotor and stage but relatively small 
change in efficiency. Also, at 70 percent design speed only a slight increase occurs in 
the total pressure ratio and no change in efficiency. These observations indicate that 
The overall performance with radial distortion will be discussed with reference to 
10 
the changes in pressure ratio dhe to distortion a re  primarily due to changes in energy 
addition. 
pressure ratio and flow at design speed, but  a small increase in stall total pressure 
ratio at 70 percent speed. At both speeds, hub distortion for the rotor and stage affects 
a significant loss in total pressure ratio but with a small or no decrease in efficiency 
(see figs. 13 (d) and 14(d)). 
all performance of rotor and stage at design speed are shown. 
a sharp drop off in stable operating range with both hub and tip radial distortion. 
design speed with distortion, the rotor stalls at higher weight flows and has a lower 
maximum flow. At a given weight flow the total pressure ratio decreases with distor- 
tion. From figures 15 and 16, it can be seen that data points are available at approxi- 
mately the same flow (W M 1.005 Wdes) for undistorted tip radial and hub radial dis- 
tortion. 
compared at the same flow (W = 1.005 Wdes) for undistorted, tip radial and hub radial 
distortion. 
With hub radial distortion, figure 13(d) indicates a large decrease in stall total 
In figures 15 and 16, relative effects of tip radial and hub radial distortion on over- 
Evident in figure 15 was 
At 
Therefore, the radial distributions of performance and flow parameters can be 
Radial distributions. - The effects of radial distortion on the spanwise distributions 
of flow and performance parameters a re  examined in this section. Before presenting 
these radial distributions, the method of defining the streamlines of flow across the 
blade rows should be assessed. In figure 17, the large differences between the calcu- 
lated streamlines and the design streamlines are  shown graphically for tip radial and 
hub radial distortions. 
streamlines occurs at the 30 percent spanwise location from the tip for tip radial dis- 
to rtion. 
The calculated streamlines a re  determined by passing a linear line through equal 
weight flow points calculated on the rotor blade leading and trailing edges. The radial 
locations for the streamlines at the blade trailing edge are  held fixed and the radial lo- 
cations at the leading edge are easily calculated on the basis of equal weight flows. 
icantly deviate from design streamlines under off-design operating conditions. All the 
blade-element parameters presented in figures 18 and 19 for the backup screen (BUS), 
tip sadial, and hub radial distortion are obtained by using the calculated streamlines 
across the rotor. These plots will be used, as needed, to discuss the effects of dis- 
tortion on the flow and performance changes (from the BUS values). 
Figure 18 shows redistributions of flow caused by radial distortion at  the rotor in- 
let. In the distorted flow regions total pressure and axial velocity are  lower than BUS 
levels, and in undistorted regions they are higher (figs. lS(a) and (c)). The distribu- 
tions of the incidence angle (fig. IS@)) indicate the new radial matching of blade ele- 
The greatest difference between the calculated and design 
These streamline comparisons (fig. 17) indicate that actual streamlines can signif- 
11 
ments; the higher incidmce angle tending to load up blade sections in distorted flow 
regions and reduced incidence angle tending to unload the blade sections in undistorted 
flow. 
The blade-element parameters across the rotor and at the rotor exit seem to indi- 
cate the occurrence of the following general flow process as was also observed in ref- 
erence 7. In distorted flow regions the blade elements operate at higher loading (see 
diffusion factor and total temperature ratio in figs. 18Q and 01)) and produces a total 
pressure ratio greater than the BUS value. However, in the distorted region the inlet 
total pressure is lower than the BUS value and the higher total pressure ratio only re- 
sults in exit total pressures being almost equal to or  lower than the BUS level. In un- 
distorted flow regions, blade elements operate unloaded, that is, the work input and 
total pressure ratio is down and the outlet total pressure is less than the BUS level. 
Thus, over the entire rotor blade span the outlet total pressure level is lower than the 
corresponding BUS level, and therefore the overall pressure ratio is lower. This in 
turn tends to decrease the energy addition. This general flow process is descriptive of 
both types of radial distortion, although specific details maybe modified somewhat by 
loss, radial equilibrium, and relative response of different blade elements. 
The stator blade row performance responds to the new incidence angle and Mach 
number distribution fed by the rotor, that is, stator blade loading and loss generally 
follow the incidence angle and Mach number changes. 
Near- Stall Operation 
One of the primary effects of radial distortion on stage performance is loss in stall 
pressure ratio o r  loss in stall margin. It is assumed that stall is initiated by flow 
breakdown in one o r  more of the flow regions near the rotor o r  stator end walls and 
near the rotor part span damper. Previous sections discussed the flow redistributions 
and radial rematching of blade-element performance (compared to clean inlet flow) as 
a radial distortion was applied. This section summarizes selected parameters with 
and without distortion at the near-stall operating condition. 
The principal indicator of stall used herein is the blade loading parameter, dif- 
fusion factor D. 
hub DgO and 10 percent from the tip Dlo and across the damper Ddam are  sum- 
marized in the following table: 
















Diffusion factors - near-stall operation stage 21-18 (100 percent 
Rotor tip, 

































These diffusion factors are calculated using actual streamlines for 100 percent 
design speed at the near-stall operation. For undistorted flow (clean inlet and BUS) 
high diffusion factors in the damper and stator hub regions indicate that flow separation 
in one or both of these regions may initiate stage stall. For the other regions, diffusion 
factors higher than the shown levels have been noted without stall (see ref. 1). With 
distorted inlet flow, the values for the diffusion factor at all blade elements appear low 
(compared with experience) for initiating blade stall. The damper region flow is most 
suspect as  the critical flow region because the diffusion factor level for near stall does 
show some consistency and there are flow features (which can become adverse) in dam- 
per regions that probably are  not fully reflected in the diffusion factor. 
flow Mach number at the damper leading edge. 
angle, is the angle for a cone on which the surface calculated streamline lies, based on 
the radius at  which an equal flow streamline crosses blade leading and trailing edges 
and the distance in a meridional plane. 
following table which compares parameters for the streamline that crosses the blade 
trailing edge at a radius of 18.672 centimeters (in damper flow region) when operating 
with and without distortion: 
Two of these flow features are  angle of attack of the flow over the damper and the 
Another useful parameter, the cone 
These flow features are  summarized in the 






































For reference, the design cone angle (on which damper is located) is given in the 
aforementioned table. The difference between the cone angle of the actual streamline 
(for particular operating mode) and the design value is assumed to provide an approxi- 
mate angle of attack for the damper. 
cribed in reference 8 and depends on the inlet Mach number, incidence angle iss and 
camber turning of the suction surface. This model should provide an approximate level 
of the suction surface Mach number Mss and a consistent method for showing relative 
change in Mss as distortion is applied. Values of the suction surface Mach number in- 
dicate that shocks from the damper could be a factor in the rotor and stage performance. 
A comparison of radial distortion and clean inlet values from the foregoing chart 
shows that with radial distortion parameters such as diffusion factor, temperature 
ratio, and suction surface Mach numbers in the damper region (which are indicators of 
a critical operating condition), do not exceed clean inlet values. However, the damper 
angles of attack with distortion do differ considerably from clean inlet conditions which 
indicates significant variations in local flow about the damper. 
tion surface Mach number, coupled with relatively high and low angle of attack to the 
damper, suggest that with radial distortion the flow in the damper region initiates stall 
and thereby limits the flow operating range. 
A calculated blade suction-surface Mach number Mss is based on a model des- 
Although the evidence is not definitive, the high levels of diffusion factor and suc- 
SUMMARY OF RESULTS 
A transonic fan stage was designed with reduced rotor tip loading in an attempt to 
improve both stable operating range and tolerance to tip radial distortion. This stage 
was tested with clean inlet flow, with three magnitudes of tip radial distortion, and with 
one magnitude of hub radial distortion. The distortions were produced by wire screens 
placed in the inlet flow. The rotor was 50 centimeters in diameter and designed for an 
operating tip speed of 420 meters per second. Overall performance data for rotor 
speeds from 60 to 100 percent of equivalent design speed were measured. Also, the 
blade- element performance parameters were determined for selected operating condi- 
tions at 100 percent of equivalent design speed. The following results were obtained 
For clean inlet flow, 
design. At design flow the overall stage pressure ratio (1.595) and efficiency (0.814) 
are  very close to design values. The part-span damper caused some radial redistri- 
butions of flow not accounted for in design, in particular, high flow losses around the 
damper. 
1. The measured performance of rotor 2 1  and stage 21-18 compared favorably with 
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2. The design objective of increasing the stable operating range by using a reduced 
level of design blade loading in the rotor tip region was greatly restricted by a resulting 
critical flow region around the blade. 
span (to achieve the desired overall pressure ratio) resulted in a critical stall-inducing 
flow across the blade section before an improved stable operating range could be re- 
alized. For this stage the flow across the part-span damper is most suspect as the 
critical flow region. 
mum efficiency operating point was acceptable but does not represent improvement 
over conventional designs. 
For distorted flow, 
distorted flow) in the stall margin. At  distortion levels greater than a distortion index 
of 0.127, there was a sharp decrease in the pressure ratio but little change in efficiency 
at design flow. 
controlled by the flow across the part-span damper. 
stall margin and pressure ratio at design speed, but essentially no change in efficiency. 
At 70 percent speed there was essentially no change in stall margin o r  performance 
parameters. 
The increased loading over the rest of the blade 
The measured rotor stall margin of 14 percent based on the maxi- 
1. For all levels of tip radial distortion there was a significant reduction (from wb 
Even with distorted inlet flow the stable operating range was apparently 
2. For the hub radial distortion (index of 0.133) there was a sharp decrease in the 
Lewis Research Center, 
National Aeronautics and Space Administration, 
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SYMBOLS 
2 annulus area at  rotor leading edge, m 
2 frontal area at rotor leading edge, m 
specific heat at constant pressure, J/kg-K 
aerodynamic chord, cm 
diffusion factor 
mean incidence angle, angle between inlet area direction and line tangent to 
blade mean camber line at leading edge, deg 
suction-surface incidence angle, angle between inlet air direction and line 
tangent to blade suction surface at leading edge, deg 
Mach number 
rotative speed, rpm 
2 total pressure, N/cm 
static pressure, N/cm 
radius, cm 
total temperature, K 
wheel speed, m/sec 
air  velocity, m/sec 
weight flow, kg/sec 
axial distance references from rotor blade hub leading edge, cm 
cone angle, deg 
slope of streamline, deg 
air  angle, angle between air  velocity and axial direction, deg 
relative meridional air angle based on cone angle, arctan (tan 
2 
cos ac/cos 
Q y 2 )  Y deg 
ratio of specific heats 
ratio of rotor inlet total pressure to standard pressure of 10.13 N/cm 
deviation angle, angle between exit a i r  direction and tangent to blade mean 
2 
camber line at trailing edge, deg 
16 
efficiency 
ratio of rotor inlet total temperature to standard temperature of 288.2 K 
angle between the blade mean camber line and the meridional plane, deg 
solidity, ratio of chord to spacing 
total loss coefficient 
profile loss coefficient 
shock loss coefficient 




































intrumentation plane upstream of rotor 
instrumentation plane between rotor and stator 




Supers c rip t : 
I relative to blade 
element location (10 percent from tip) 




Mean incidence angle: 
- 
imc- @;)LE- (Kmc)LE 
Diffusion factor: 
Total loss coefficient: 
Profile loss coefficient: 
Total loss parameter: 
Profile loss parameter: 
2 a  
2 a  
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. . 
Adiabatic (temperature rise) efficiency: 




Momentum- rise efficiency: 
qmom 
Equivalent weight flow: 
Equivalent rotative speed 
Weight flow per unit annulus area: 




Head- rise coefficient: 














E F F  
IN 














straight line between blade leading and trailing edges along 
design streamline, cm 
ratio of actual flow area to critical area (where local Mach 
number is one) 
meridional air angle, deg 
angle between axial direction and conical surface representing 
blade element, deg 
deviation angle (defined by eq. (B3)), deg 
diffusion factor (defined by eq. (B4)) 
adiabatic efficiency (defined by eq. (B9)) 
inlet (leading edge of blade) 
incidence angle (mean defined by eq. (E)), deg 
angle between blade mean camber line at leading edge and 
meridional plane, deg 
angle between blade mean camber line at transition point and 
meridional plane, deg 
angle between blade mean camber line at trailing edge and 




loss coefficient (total defined by eq. (B5) and profile by 
loss parameter (total defined by eq. (B7) and profile by 
meridional velocity ratio 
outlet (trailing edge of blade) 
percent of blade span from tip at rotor outlet 
suction-surface camber ahead of assumed shock location, deg 
pressure, N/cm 2 
P R O F  
RADII 
R E L  
RI 
RO 
R P  







T E M P  
TI 













relative to blade 
inlet radius (leading edge of blade), cm 
outlet radius (trailing edge of blade), cm 
radial position 
equivalent rotative speed, rpm 
angle between aerodynamic chord and meridional plane, deg 
ratio of aerodynamic chord to blade spacing 
speed, m/sec 
suction surface 
slope of streamline, deg 
tangential 
temperature, K 
thickness of blade at leading edge, cm 
thickness of blade at maximum thickness, cm 
thickness of blade at trailing edge, cm 
total 
difference between inlet and outlet blade mean camber lines, 
deg 
velocity, m/sec 
equivalent weight flow, kg/sec 
ratio of suction-surface camber ahead of assumed shock loca- 
tion of multiplscircular-arc blade section to that of double 
circular- arc blade section 
axial distance.to blade leading edge from inlet, cm 
axial distance to blade maximum thickness point from inlet, 
cm 
axial distance to blade trailing edge from inlet, cm 
axial distance to transition point from inlet, cm 
APPENDIX D 
DETERMINATION OF THE OPERATING LINE 
In order to help in assessing the stall margin, a fan operating line (calculated by 
the following procedure) was imposed on the rotor overall performance plots. A rel- 
atively simple flow model (ref. 6) ,  used to construct the operating line, assumes that 
the exit flow nozzle expands to ambient pressure and there is no loss in total pressure 
from the fan rotor outlet to the nozzle exit (see sketch): 
p1 =Po P P  
I I 





Po = Po I 
I 


















with distortion, K1 < 1.0.  
The following procedure was used to obtain an operating line: 
1. A reference operating point (with known P2/P1, W fly and 17) is selected 
through which the operating line must pass. The peak efficiency operating point for the 
24 
backup screen (BUS) data at 100 percent speed was chosen as the reference operating 
point. 
is given by 
2. From the nozzle weight flow equation, an equation for the exit nozzle flow area 
6 (WF) 
A =  
where M (the Mach number) is determined from the known P2/P1, p/pt and a/at are 
determined using the calculated M, and T2/Tl is given by 
After equation (D4) is solved for the reference point, Le exit nozzra flow area for 
This area remains constant throughout the calculation the reference point is obtained. 
of the operating line. 
W f l  + q ,  a nozzle exit flow area can be calculated from equation (W) for each o p  
erating point. 
and using the constant reference nozzle area the correct value of P,/Pl for each 
speed line is obtained. 
lated points (one for each speed line) 
to define an operating line. 
3 .  For each speed line which has four o r  five operating points of P2/P1, 
Then a graph of P,/Pl versus  the nozzle exit flow area can be made 
4. Finally, the operating line is obtained by drawing a curve through these calcu- 
Generally, at least three speed lines are needed 
25 
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TABLE I. - DESIGN OVERALL PARAMETERS 
FOR STAGE 21-18 
ROTOR TOTAL PRESSURE R 4 T I O . . .  ............. 1.606 
STAGE TOTAL PRESSIIX R A T I O  1.574 
ROTOR TOTAL TEXPERATURE R A T I O  ............. 1.170 
STAGE TOTAL TEWERITURE R A T I O  1.170 
ROTO2 A D I A B A T I C  EFFICIENC Y . . . . . . . . . . . . . . . .  0.854 
STAGE A D I C S A T l C  EFFICIENCY 0.816 
ROTOR POLYTRGPIC EFFICIEb!CY ............... 0.863 
STAGE POLYTROPIC EFFICIENCY 0.827 
ROTOR HEAD RISE COEFTICiEtiT ............... 0.232 
STAGE HEAD RISE CGEFFICIENT 0.222 
i l O W  COEFFICIENT. ......................... 0.475 
147.571 UT FLOW PER U N I T  FRONTAL AREA 
WT FLOH PER U N I T  ANNULUS AREA ............ 198.434 
UT FLOW 29.484 
RPM.... ................................ 16100.000 
TIP SPEED 424.601 
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TABLE II. - DESIGN BLADE-ELEMENT PARAMETERS FOR ROTOR 21 
RAD I I 
RP I N  OUT 
TIP 25.184 24.859 
1 24.720 24.321 
2 24.209 23.783 
3 21.977 21.630 
1 19.509 19.478 
5 19.186 19.2G9 
6 18.861 18.340 
7 18.534 18.671 
8 18.204 18.4C2 
9 16.863 17.326 
1 0  1.4.112 15.173 
11 13.420 14.635 
Mm 12.7130 14.347 
ABS BETAM RCL BETAM 
I N  OUT IN OUT 
-0. 32.4 69.2 69.8 
0. 32.1 67.9 67.0 
0. 33.1 66.5 64.1 
-0. 37.5 61.1 53.3 
-0. '42.1 56.7 41.3 
-0. 42.6 56.3 39.7 
-0. 43.1 55.8 38.1 
-0. 43.5 55.3 36.4 
-0. 43.9 54.9 34.8 
-0. 45.1 53.1 28.7 
-0. 43.5 49.1 21.8 
-0. 41.8 47.8 22.2 
















. TEMP TOTIL 














P R E S S  














ABS \'EL REL VEL MER10 VEL TANG VEL U H E L  SPEED 
R? IN OUT IN OUT IN OUT I N  OUT I N  OUT 
TIP 161.4 lLe.2 454.2 562.1 161.4 125.2 -0. 79.3 424.6 419.1 
1 169.d 162.8 419.9 350.1 169.4 137.0 0. 87.9 416.8 410.0 
3 2C4.3 217.8 423.1 289.2 204.3 172.7 -0. 132.7 370.5 364.7 
4 215.7 248.4 393.3 2 4 5 . A  215.7 i 84 .A  -0. 166.5 328.9 328.4 
5 216.1 25!.6 389.0 243.7 216.1 185.2 -0. 170.-2 323.5 323.9 
6 216.2 254.5 384.5 236.1 216.2 185.9 -0. 173.8 318.0 319.3 
8 215.9 259.7 375.3 227.G 215:5 187.1 -0. 180.1 306.9 310.3 
5 213.6 266.9 355.6 2!4.9 213.6 188.6 -0. 188.9 284.3 252.1 
2 177.8 176.7 415.2 338.5 177.8 148.0 o. 96.5 408.2 r01.0 
7 216.1 257.2 379.3 251.8 216.1 186.5 -0. 177.1 312.5 314.8 
I D  2:6.r 251.4 315.c 264.4 206.4 189.8 -0. 179.8 237.9 255.8 
I: 2:5.? 2 3 . 0  305.3 2C4.6 205.C 184.4 -0. 169.3 226.3 246.7 
wda 203.7 245.4 295.5 205.5  203.7 188.8 a. 156.7 214.1 237.7 
w 














T I P  
1 
ABS NACH KO REL 3 
IN OUT IN 
0.486 0.420 1.367 
0.511 0.L61 1.357 
0.538 0.500 1.347 
0.624 0.615 1.292 
0.662 0.702 1.2G6 
0.663 0.711 1.193 
0.663 0.720 !.:EO 
0.663 0.729 1.165 
0.662 0.736 1.15; 
0.655 0.760 '.090 
0.631 0.753 0.962 
0.626 0.735 0.932 


































































A C H  $0 STREAMLINE S L O P E  KERID PELK SS 
OUT IN OUT VEL R M&CH NC 
0.355 -10.19 -10.43 0.775 1.431 
0.398 -9.42 -9.48 0,605 1.~50 
0.419 -8.22 -8.50 0.832 1.474 
0.521 4.05 1.38 0.855 1.660 
0.524 4.91 2.07 0.857 1.666 
0.526 5.78 2.76 0.860 1.672 
0.523 6.05 3.45 0.863 I.GX 
0.535 7.51 4.14 0.866 1.679 
0.537 10.97 6.88 0.883 1.673 
0.547 17.61 12.10 0.919 1.517 
0.548 19.17 13.32 0.924 1.426 
0.549 20.77 14.51 0.927 1.324 



























7 57.50 5.6 -0.0 4.3 0.525 0.967 0.130 0.047 0.030 0.011 
8 6o.o? 5.7 -0.0 4.5 0.530 0.868 0.132 0.050 0.031 0.012 
9 7C.03 6.3 0.0 5.2 0.5380.870 0 .1380.067 0 .0320.816 
1 0  9 3 . 0 6  7.4 3.0 5.7 0.482 0.880 0.1320.146 0.0270.922 . . 
i i  KO0 7:7 0.3 5 . 4  0 . 4 5 2 0 . 8 ~ 3  ~ . 1 2 5 0 . 1 1 2  0 . 0 2 4 0 . 0 2 2  
w s i 3 0 . 0 0  7.9 -0.1 5.0 0.416 0.884 0 . 1 1 8 0 . 1 1 4  0.0220.021 
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11 
HUB 
RAD I I ABS BETAM 
24.399 24.384 32.9 -0. 
23.393 23.305 31.8 0. 
21.468 21.358 39.5 -C .  
IN auT IN OUT 
23.893 23.865 32.2 o. 
19.588 19.551 36.6 -0. 
19.354 19.379 37.0 -0. 
19.119 19.169 37.4 -0. 
18.884 18.961 37.8 -0. 
18.648 18.755 38.2 -0. 
17.706 17.049 39.3 -0. 
15.372 15.976 35.4 -0. 
15.828 16.382 37.2 -0. 
. 


























335.9 1.000 16.06 0.987 
342.6 1.000 17.29 0.979 















ABS VEL REL VEL KERID VEL TANG VEL WHEEL SPED 
RP IN OUT IN OUT IN OUT IN OUT IN  OUT 
TIP 148.6 93.6 148.6 93.6 124.8 53.6 91.8 -0. 0. 0. 
1 168.0117.0 168.0117.0 142.2117.0 89.5 0. 0. 0. 
2 186.4 140.7 186.4 140.7 158.5 140.7 98.2 0. 0. 0. 
3 242.2 197.9 242.2 197.9 202.0 197.9 133.7 -0. 0. 0. 
L 2i7.7 227.3 277.7 227.3 222.9 227.3 165.6 -0. 0. 0. 
5 280.6 225.8 2E0.6 223.8 224.1 220.8 168.5 -0. 0. D. 
6 283.2232.0 293.2232.0 224 .5252.0  172.2 -0. 0. 0. 
7 285.5 233.5 265.5 233.9 225.4 233.9 175.1 -0. a. 0. 
8 287.4 255.L 267.L 235.4 22.5.8 255.4 177.8 -0. 0. 0. 
5 251.7 297.8 291.7 237.8 225.6 237.8 164.9 -0. 0. 0. 
10 285.1 205.5 285.1 203.5 227.1 209.5 172.3 -0. 0. 0. 
11 278.4 156.3 270.4 19G.3 227.0 196.3 lGl.1 -0. 0. 0. 
HUB 2G6.4 171.1 266.1 171.1 226.5 171.1 140.1  0. 0.  0. 
ABS MACH NO REL MACH NO KtRlD MACH NO STRCAXLIRE SLOPE KERID P E G  SS 
W IN OUT IN OUT IN OUT LN OUT VEL R MACH NC 
TIP  0.421 0.2E2 0.421 9.262 0.354 0.262 -0.24 0.17 0.750 0.635 
I 0.476 o.3za 0 . 4 7 6  0.323 0.403 0.326 0.19 0.38 il.e23 0 . 7 ~ 9  
2 0.529 0.395 0.529 0.395 0.450 0.555 0.04 O.E3 0.008 0.777 
3 0.690 0.555 0.690 0.555 0.575 0.555 2.69 1.76 o.gao 1.020 
4 0.795 0.637 0.755 0.637 0.638 0.637 5.C3 3.C3 1.020 I.2C5 
5 0.804 ' l .GL4 0.004 0 . 6 4 4  0.642 0.644 5.30 3.19 1.325 1.223 .~ 6 OI812 9.651 0.012 0.651 0.64: 0.651 5.60 3.36 l.Oj2 1.23', 
7 0.819 0.656 0.019 0.65i 5.646 0.iS 5.89 3.52 1.037 1.254 
8 0.825 0.CGI 0.225 9.661 0 . 6 L D  0.661 6.19 3.68 1.043 l.2E6 
9 0.040 0.669 0.839 0.663 O.GA5 O.G6G 7.36 4.33 1.054 1.295 
10 0.831 0.592 3.851 0.%2 0 .662  0.592 9.57 5.55 0.922 1.209 
11 0.814 0.5% 0.014 0.556 0.664 1.556 10.09 5.84 O.UG5 1.149 















PERCENT INC IDENCE 
SPAN KEAN SS 
0. 3.4 -2.9 
5.00 3.1 -3.1 
10.00 3.0 -3.0 
30.00 2.4 -3.0 
50.00 1.8 -3.0 
52.50 1.a -2.9 
55.00 1.8 -2.8 
57.50 1.8 -2.8 
60.CO 1.8 -2.7 
70.00 1.7 -2.5 
99.00 1.6 -2.1 
55.00 1.6 -2.0 
100.00 1.4 -2.0 
DEV D-FACT EFF 
7.6 0.582 0. 
7.4 0.506 0. 
7.2 0.441 0. 
7.4 0.372 0. 
e . 0  0.367 0. ~ . .  
8.0 0:367 0. 
8.1 0.366 0. 
8.2 0.365 0. 
8.2 0.364 0. 
8.3 0.363 0. 
7.3 0.416 0. 
6.7 0.435 0. 
5.1 0.478 0. 
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Hm 
PERCENT R A D I I  
SPAN RI RO 
0. 25.184 24.859 
5. 24.720 24.321 
10. 24.209 23.783 
30. 21.977 21.530 
50. 19.509 19.478 
53. 19.186 19.209 
55. 18.e61 18.940 
58. 18.534 18.671 
60. 18.204 18.402 
70. 16.863 17.326 
90. 14.112 15.173 
95. 13.420 14.635 
100.  12.700 14.097 
BLADE: THICKNESSfS 
TI TM TO 
0.051 0.149 0.051 
0.051 0:157 0.051 
0.051 0.166 0.051 
0.051 0.208 0.051 
0.051 0.255 0.051 
0.051 0.261 0.051 
0.051 0.2G8 0.051 
3.051 0.274 C.051 
0.051 0.280 0.051 
B.t5: 0.306 0.051 
0.051 0.361 0.051 
0.051 0.375 0.051 













































BLADE ANGLES DELTA 
67.16 68.45 66.50 2.49 - 
65.46 66.09 63.55 2.68 - 
63.63 63.52 60.68 2.91 - 









































AX I AL DJ MENS I ONS 
ZIC ZMC ZTC ZOC 
1 . 1 0 0  1.947 2.326 2.782 













































































I .  033 




I .  076 
1.077 




























































1 0  
11 
HUB 
P E R C E N T  RAD I I 
S P A N  R I  RO 
0. 24.399 24.384 
5. 23.893 23.865 
10. 23.393 23.305 
30. 21.468 21.358 
50. 19.588 19.591 
53. 19.354 19.379 
55. 19.119 19.169 
58. 18.884 18.961 
60. 18.648 18.755 
70. 17.706 17.949 
90. 15.828 16.382 
95. 15.372 15.976 
100.  14.595 15.240 
B L A D E  THI C K N E S S C S  
T I  TM T O  
0.051 0.282 0.051 
0.051 0.277 0.051 
0.051 0.272 0.051 
0.051 0.251 0.051 
0.051 0.228 0.051 
0.051 0.215 0.051 
0.651 0.223 ‘2.051 
0.051 0.220 0.051 
0.051 0.217 0.051 
0.05; 0.207 0.051 
0.051 0.189 0.051 
0.C51 0.186 0.051 
0.051 0.179 0.051 
B L A D E  A N G L E S  
K I C  K T C  KOC 
29.57 17.96 -7.59 
29.07 18.02 -7.36 
28.76 18.15 -7.18 
31.09 19.85 -7.42 
34.88 22.21 -7.99 
35.33 22.52 -8.05 
35.77 22.82 -8.10 
36.20 23.11 -8.15 
36.60 23.41 -8.20 
37.83 24.48 -8.26 
35.68 24.77 -7.27 
33.86 24.17 -6.75 
30.45 22.98 -5.74 















A X I A L  D I M E K S [ C N S  
Z I C  ZMC - Z T C  ZOC 
6.784 8.713 7.963 10.’769 
6.781 8.714 7.926 10.768 
6.780 8.714 7.896 10.768 
6.795 8.711 7.883 10.769 
6.822 8.706 7.898 10.770 
6.825 8.706 7.898 10.770 
6.829 8.7 i3  7.633 10.770 
6.832 8.705 7.897 10.771 
6.835 8.704 7.E95 10’.771 
6.8L5 8.702 7.876 10.770 
6.831 8.703 7.738 10.764 
6.817 8.7G4 7.677 10.762 
6.792 8.707 7.56.6 10.757 
AERO S E T T I N G  TOTAL X 
CHORD ANGLE CAXGER S C L l D l T Y  F A C T O R  PiIISS 
4.111 10.99 37.16 1.287 1 . 0 0 0  15.37 
4.111 10.85 36.43 1.315 1 . 0 0 0  14.63 
4.112 10.79 35.94 1.345 1 . 0 0 0  14.03 
4.112 11.84 38.51 1.C67 1 . 0 0 0  14.26 
4.111 13.45 42.86 1.603 1 . 0 0 0  15.33 
4.111 13.64 43.38 1.622 1 . 0 0 0  15.14 
4.111 13.84 43.87 1.640 1 . 0 0 0  15.53 
4.111 14.02 44.35 1.665 1 . 0 0 0  15.61 
4.112 14.20 44.79 1.680 1.000 15.66 
4.118 14.78 46.09 1.765 1 . 0 0 0  15.62 
4.148 14.19 42.96 1.968 1 . 0 0 0  12.69 
4.155 13.53 40.61 2.025 1 . 0 0 0  11.32 
4.164 12.42 36.18 2.132 1 . 0 0 0  8.85 
A K A  















TABLE VI. - OVERALL PERFORMANCE FOR STAGE 21-18 
(CLEAN INLET FLOW) 
(a) 100 Percent of design speed 
~. - 
Parameter 
RSTOR TOTAL PRESSLIRE RATIO 
STAGE T O T L  PRESSURE RATIO 
RSTOR TOTAL TEMPERATLIRE RATIO 
STAGE TOTAL TEMPERATURE RATIO 
ROTCR TEMP. RISE EFFICIEKC) 
ST4GE TEMP. RISE EFFICIENCY 
ROTOR MOMENTUM R I S E  EFFICIENCY 
ROTOR HEAD RISE COEFFICIENT 
STAGE HEAD RISE COEFFICIENT 
FLCN CSEFFICIENT 
i;T FLON PER IINIT FRONTAL AREA 
FLON PER ClNlT ANNULUS AREA 
iiT FLON AT CRlFlCE 
i;T FLOii A i  ROTOR INLET 
NT FLCW A T  ROTOR OUTLET 
I(T FLOW A T  STATOR OUTLET 
RSTAT I \'E SPEED 
PERCENi CF DESIGN SPEED 
Reading 
~. . - 




































(b) 90 Percent of design speed 
Parameter 
ROTOR TOTAL PRCSSI'RE R A T  13 
S T A G E  T3TAL PRCSSC'RC RAT10 
RSTCR TOTAL TEMFERATIIRE RATIO 
STAGE T5TAL TEMPERATURE R A T I O  
ROT99 TEMP. RISE CFFlClENCI 
S T A G E  TENP. RISE EFFICIENC) 
RSTOR MSMENTUM RISE EFFICIENCY 
ROTSR HEAD RISE COEFFICIENT 
S T A G E  HEAD RISE COEFFICIENT 
TiON COEFFICIENT 
NT FLCW PER [INIT FRONTAL ARCA 
WT FLOW PER ['NIT ANNULUS AREA 
WT FLOW AT ORIFICE 
NT FLSN A T  ROTOR INLET 
i iT  FLOW AT ROT3R OUTLET 
8T FLOW A T  STATOR OLITLET 
R3TATI\'C SPEED 





0 .  8 L 4  
0 .245 
0.23' 








































' 8 . 8 4  
4508.4 
90.1  






2 8 . 6 4  27.31 
1487.2 16490.4 
90.0 90.0 
(c) 70 Percent of design speed 
Parameter 
RiTiR TO'AL PRESSCRE R A T  I O  
STAX T07BL PRESSVRE R A T  I O  
RSTSR TOTAL TLMPERATURE RATIO 
STAGE TOTAL TENPERATURE R A T I O  
ROTCR TEMP. RISE EFFICIENCI 
STAGE TEMP. R I S E  EFrlClENCI 
ROTOR MOMEl'iTUM R I S E  EFFICIENCY 
RSTSR hE43 R I S E  COEFFiCIENT 
STi iE  HEAD RISE COEFFICIENT 
L O i i  CiETF:CIENT 
i i T  F i C i  PER UKIT FRONTAL AREA 
h7 FiOi: PER UKIT AKNLliUS AREA 
AT F L 3 i  AT SiliFiCE 
2563 
I ,  : e 3  
1.177 











AT FLCd AT RSTOR IKLET 23.91 




iii F ~ O W  S T A T C R  OVTLET 
R3:A:IVE SPEED 
























I .  077 


































































! Y \  



















! 0  









! I  
, 
. "  
I d  
(CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 
(a) Reading 2586 
REL 
IN 
4 4 8 . 2  
448.1; 
428.7 






















235.5 2 1 4 . 6  
240.4 7 0 9 . 4  
ABS MACH G REL M A C H  N O  MERID MACtl  ria 
;$ 31'7 IN O l l T  I N  O U T  
2.435 0.535 1.345 l , l l ' ,  0 . L 3 5  5.495 
3.562 5.577 1.357 ! , l o :  0.562 0.542 
2.656 2 . 6 7 9  1.310 0.973 0.656 0.6 : l  
2.:!P 5 . 6 7 3  1.245 0.755 3 . 7 1 3  0.535 
0.658 1.23-  0 . ~ 3 3  0.726 0.517 
2.751 5 . 6 s  1.22: 0.:21 0.751 0.520 
G.:V 0 . 7 1 s  1.216 0.735 0.734 0.568 
c . x e  0 .807  1.150 0 . ~ 2 9  0 . 7 3 8  0 . 6 3 -  
0.729 0 . 7 7 8  1.03: 0.691 0.729 0 . 6 2 6  
1 -7- 
3.731 0 .746  1.203 0.743 0.737 0 . 5 3  

























3 . 6  
3.2 
l D E N C t  
ss 















7 . 5  
9.5 
9.9 





D - F A C T  
0.197 


















0 . 9 0 0  
0 . 8 3 i  
0.853 
0.681 
T A K  \ E L  
:N A t T  
0 . 0  65 .8  
- 2 . s  6 8 . 5  
- 0 . 2  102.6 
- 2 . c  142.6 
- 3 . 2  IL2.5 
- 0 . 2  145.2 
- 3 . 3  153.5 
-?.C 156.2 
- 0 . 3  17C.4 
5 . 0  157.4 
0 . 0  153.3 
LOSS CCEFF 
T O T  PROF 
0 . ! 1 4  0.C51 
0 . 1 1 4  0.050 
3.082 0.005 
0 .198  0.115 
0.229 0 . 1 4 ~  






-9- ,L. .LL 



















31 3 .1  
3 3 7 . 2  

















S P E C  
GL1Y 











xVi :> PcAr 55 
X L  8 MACH j; 
! . 3 5 7  :,451 
0.587 1.542 
0.773 1.623 




; , 5 : l  i.453 
0.87:  1.382 
1.33e 3.45- 





0 . 3 ! 7  c . 3 2 1  
O.CL3 ; . :25 








TABLE VII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 









I O  









I .  










1 1  

























I N  OUT 
- 0 . 0  32.6 
0.0 30.6 
-0.0 3 4 . 2  
-0.0 42.1 
0.0 43.1 




-0.0 4 1 . 4  
0.0 41.3 
a n  










4 6 . 4  






4 4 . 1  
44.2 
43.5 





R E L  \'EL MERID \'EL 
;N CUT IN O U  l N  OUT 
!61.1 20:.3 418.5 346.6  164.1 169.6 
23L.2 4 4 7 . 8  345.7 182.6 175.7 
210.3 226.! 126.0 302.3 210.3 187.6 
228.: 236.. 1 2 3 . 7  244.4 228.3 175.5 
222.1 233.2 397.4 237.5 223.4 17C.I 
23:.' 232.4 393.1 23G.8 230.1 167.5 
2 3 ! . '  238.5 389.2 228.1 23l.'# l 7 ! . 8  
23'.5 247.5 384 .9  228.6 23!.5 18:.C 
23'.5 263.1 367.4 2 2 4 , !  231.5 :33.i 
226.8 243.9 324.1 2G6.3 226.8 183.5 
ABS SEL 
222.3 25L.7 322.9 205.4 229.9 i 8 8 . L  
ABS MACH NO REL MACH NO K C R I D  N A C H  I\;i 
: x  31': IK O Y T  l t i  O U T  
5.492 0.567 1.316 0.97: 0,192 0 . 4 7 8  
3.552 0.577 1.353 0.978 0.552 O.LG7 
0.642 3.042 !.302 0.856 C.642 0.53! 
0.753 ; . 6 7 0  1.235 5.692 0.703 0.447 
2.737 0.659 1.225 0.671 G.707 C . 4 8 :  
0.713 0.6T5 1.201 0 . 6 4 6  C.713 0.186 
5.7:5 0.702 1.188 0.649 0.715 0.5:: 
'2.715 0.753 1.135 0.641 0.7!5 0.552 
0.699 0.704 1.C15 0.595 0.6C9 0.528 
0.710 0.726 0.997 0.595 0 .710  0.545 
0.71; 0.657 1.213 0.653 5 . 7 1 5  0 .4 '3  
P E R C E N T  I N C I D E N C E  DEV 
S P A N  MEAN SS 
5.30 2.9 0.2 -3.1 
1 0 . c ;  2.1 -0.9 -1.5 
33.03 3.2 -0.7 1.4 
50.CC 3.7 -1 .4  6.8 
52.50 3.8 -1.5 8.6 
55.30 3.8 -1.6 9.6 
57.50 3.8 -:.7 9.0 
63.00 3.9 -1.8 I . ,  
73.3;  4 .1  -2.1 7.1 














I N  RA7iO 
289.7 1.151 




































-c.5 :27 .7  37:.5 3 0 4 . -  
- 2 . 0  158.8 329.5 32$.: 
2 . C  !59.2 324.5 524.3 
- c . c  9 - e  . o m . !  318.6 32:.: 
- 3 . 2  165.5 3i3.2 3:5.5 
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TABLE VII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 











I O  



















I O  










1 0  
I 1  
- 
RAD I I 




















2 :8 .2  213.7 




ABS MACH NO 












ABS BETAM REL BETAM TOTAL TENP 
i N  OUT IN OUT I N  R A T I O  
-0.0 37.6 69.3 59.8 289.5 1.182 
-0.0 33.8 66.7 58.3 289.2 1.170 
0.0 38.1 61.4 5 i . 6  288.5 1.181 
b.0 44.8 56.8 44.1 288.0 1.187 
-0.0 46.3 56.2 43.8 287.9 1.187 
-0.0 47.2 55.7 42.2 287.8 1.189 
-0.0 47.1 55.1 39.6 287.8 1.152 
0.0 46.6 54.6 36.1 287.7 1.153 
-0.0 45.3 52.6 30.6 287.6 1.184 
-0.0 4 4 . 0  48.3 27.1 287.3 1.150 
-0.0 43.8 46.4 22.6 287.4 1.149 
REL 

























REL MACH NO 















1 0 . 0 0  
30.00 
5 0 . 0 0  
52.50 








3.7 1 . 0  
2.8 - 0 . 1  
4.2 0.2 
5.1 0 . 0  
5.2 - 0 . 1  
5.3 -0 .1 
5.4 -0.2 
5.5 -0.2 
5 .8  -0.5 












1 1 . 0  
5 .8  
MERID VEL TANC 
I N  OUT I N  
157.5 164.9 -0.0 
175.8 175.5 - 0 . 0  
202.4 178.1 5 . 0  
215.9 167.4 0 . 0  
216.8 161.8 - C . O  
217.5 161.3 - 0 . 0  
218.2 165.9 -0.0 
218.2 172.4 O . C  
218.0 182.7 - 0 . 0  
212.8 173.3 -0.0 
216.2 179.9 -0.0 






































T O T  
0.172 
O,l3l 







































1 0 . 1 1  1.652 
10.15 :.6L2 
I 0 . ! 5  1.628 
13 . :5  1.63: 
lC.15 1.656 






























K R i L  PELv 55 
J E i  R MLCH 'i5 
l.CL7 : . L a ;  




C.7L :  i ,672 
C.762 1.6-5 
















0 .041  0.022 
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TABLE VII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 
(a) Reading 2583 
ABS QETAM 4EL BCTAM 
IN OLIT IN 
T:TA; PRESS 
:x  RAT!,: 
9.92 1.635 



















I S  




















1 3  














52 .3  
44.2  
A T .  7 
42.1 
?!' . A 
3G.5 
30. I 
2 7 . 2  
7 7  7 





71 .5  
G 0 . 9  
5 5 . L  
55. C 
~~ 
0.0 39.4 f O . 0  
-5.3 3G.O G7.5 
- 5 . 3  40.2  62.5 
- 0 . 0  4 7 . 1  !i.,',9 
5.0 48.t; 5?,4 
-3.0 4D.A 5G.!) 
-0.0 4 9 . G  5G.4 
-5.0 48.9 5!i.8 
0.0 46,G 53.7  
-0.0 45.0 4 9 . 5  
0 . 0  45.0 4 7 . 5  
R E L  VEL MCR I C 
IN CkIT I N  ~. . .  
4 4 5 . 6  322.1 15,:.2 
443.0 326.5 169.3 
420.0 283.3 194.3 
390.2 224.6 207.1  
385.1 215.1 2 5 7 . 2  
381.5 208.9 ,'38.5 
.. 
0.0 135.3 418.8 A I , ? . :  
- 0 . 0  123.0 409.4 LZ.?.,? 
-0.0 144 .8  3 7 2 . 4  366.5 
- 0 . 0  1 7 3 . 4  330.: 332.: 
5 . 0  1-6.3 324.6 325.: 




- 5 . 0  170.1 
0.0 176.4 
? 7 - , , 7  205.0 ,703 .0  158.5 
373.2 255.7 209.6 lG5.4 
3 5 4 . 9  207.5 209.9 179.6 
315.2 191.3 ,704.9 1 7 3 . 1  
308.' 1PC.5 2051.5 176.L 
314.3 316.4 
358.8 3 : z . z  
286.2 294.2 
239.5 257.5 
227.- 248.3  













RCL MACH N3 MEHID MACH Nd 
I N  O U T  I N  3t'T 
1.335 0.895 0.455 0.450 
1 . 3 3 3  0.912 0,510 0 . L 7 3  
1.216 0.784 0,590 0 .480  
1.192 0.630 0.633 0.451 
1 , 1 7 7  0.603 0.633 0,436 
1,167 0.586 0.638 0.435 
1.154 0.575 0.630 0.445 
1.142 0.579 0 .641  0 ,465 
1.086 0.589 0 . 6 4 2  0.510 
0.963 0.548 0.626 0.488 











I ,  $83 











SPAN MEAN SS 
5.00 4 . 4  1.7 
10.00 3.7 0.8 
30 .00  5.3 1.3 
50.00 6 . 3  1.2 
52.50 6.5 1.2 
55.00 6.5 1 . 1  
57.5c 6.6 1 . 0  
60.00 6.7 1.0 
93.00 7.8 0.4 


































0 . f 6 7  0.096 
LOSS PPRAM 











1 1  95.00 7.4 -0.3 5.4 0.5090.913 0.0970.082 0.019C.Sl6 
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TABLE VII. - Concluded. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 










I O  




















1 3  











I *  


















l 8 : , 6  224.3 
193.5  234.9 :w.: 235.3 
' 3 . 5  243.1 
' 65 . '  248.3 
!95.5 2 5 L . t  
Y O . ?  202.3 
'61.4 239.9 
YO. 2 4 8 . 1  
I - -  
, ._  - 
ABS M A i t i  N3 
iS SI 'T  
5.43: 0.561 
3 . 4 - 7  0.586 










I N  OUT 
-0.0 42.2 














4 1 4 . 0  268.8 
382.4 211.c 
378.5 205.5 
374.3 l a g . ;  
369.6 1213.0 
365.3 195.2 
346.7  221.8 
356.8 188.2 
53;.5 180.1 
REL MACH NO 
IN C U T  
1.321 0,859 
1.318 0.880 
: .252 0.749 
1.162 0.589 
1.151 0.5-4 
1.136 0.5L :  
1.124 0.543 





SPAN MEAN SS 
5.30 5 . 4  2.7 
1 0 . 3 0  4.9 2.0 
33.c3 6.8 2.9 
52.;: 8.1 2.9 
52.53 8.2 2.9 
55.3c 8.3 2.9 
57.50 8.4 2.8 
60.30 8.4 2.7 
7 0 . 5 3  8.7 2.5 










6 . 6  
10.9 
1 1  95.00 9.3 1.3 5.5 
REL EETAM 





















196.2 1 7 L . ,  
195.5 158.: 
192 .4  167.: 
196.7 175 .5  
M t R l O  MACH $6 
I N  cu: 
0.430 0.438 
0.477 0.657 
0.544 6 . 4 5 -  
0.587 C . 4 ! 8  
0.593 0 . L ' S  
0.591 3 . 4 l L  
3.504 0 . L X  
0.545 8 . L d 6  
0.597 O.4t5 
0.565 0 . 4 2  
0.599 3.503 
D-FACT EFF 

























I N  W T  
- 0 . 0  143.8 
- 5 . 0  131.8 
3 . 3  153.1 
-0.0 :el.? 
- 2 , :  183.3 
i. s  192.8 
: .c  : P 6 . I  
- 0 . 3  198.2 
- 0 . s  l e 2 . 6  
- ; , 5  "71 .6  
0 . 8  175.9 
LCSS COEFF 
T O T  PRCF 
0 . 2 i 6  O.lL3 








0.395 0 . 0 7 0  
3.089 0.c-7 
TOTAL PRESS 
i t i  RAT:; 
9.93 I . & %  
1 3 . l :  1.625 









k X E L  SPEC: 
;N CL'T 
L16.L  L : : . 6  




3!9 .5  3 2 2 . 8  
313.9 5!6 .2  
328.2 3:1 .6 
285.9 2 ; 3 , -  
259.: 25- . :  











2.C31 C . 2 ' 3  
3.:10 : . t : 4  
0.017 2 . 2 ' 5  
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I O  




















I O  










I O  
- 
(CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 
(a) Reading 2586 
RAD1 I ABS BETAM REL BETAM TOTAL TEMP TOTAL 
IN  OUT IN OUT IN  ~ OUT I N  RATIO I N  
23.89423.866 21.2 -1.8 21.2 -1 .8  315.1 1 . 0 0 1  12.19 
23.393 23.304 19.5 -2.3 19.5 -2.3 316.5 0.999 12.80 
21.468 21.359 21.9 - 1 . 0  21.9 - 1 . 0  325.9 I.004 14.68 
19.58819.591 31.1 -2.7 31.1 -2.7 330.5 0.997 14.45 
19.35519.380 32.0 -3.0 32.0 -3.0 331.1 0.997 14.28 
19 .119l9 .169  32.0 -2.9 32.0 -2.9 332.1 0.995 14.36 
18.882 18.961 30.2 -2.3 30.2 -2.3 333.2 0.995 15.11 
18.649 18.755 28.5 -1.6 28.5 -1.6 333.5 0.997 15.52 
I7.70617.950 27.0 -0.3 27.0 -0.3 333.9 0.999 16.31 
15.829 16.383 27.5 -0.8 27.5 -0.8 326.2 1 . 0 0 0  15.19 







I . 0 1 1  






ABS VEL REL VEL MERID VEL TANG VEL NHEEL SPEED 
:N O I ' T  IN  OUT I N  OUT IN  OUT I N  Ocl? 
185.0 175.7 185.0 175.7 172.5 175.6 67.0  -5.4 0 .  0 .  
207.2 194.1 207.2 194.1 195.3 194.0 69.1 -7.6 0 .  0 .  
277.6 245.9 277.6 245.9 257.6 245.9 103.4 -4.1 0. 0. 
274.5 239.9 274.5 239.9 235.1 239.6 141.7 -11.4 0 .  0 .  
267.2 240.5 267.2 240.5 226.7 240.2 141.4  -12.7 3 .  5 .  
27 ' .3  243.7 271.3 243.7 230.0 243.4 143.9 -12.4 3. 2 .  
?::.I 253.1 301.1 250.1 260.4 249.9 151.2 -9.9 0 .  5 .  
323.3 256.4 323.3 256.4 284. I 256.3 154.! -?. 1 0 .  3 .  
30-.L 273.5 367.4 273.5 327.4 273.5 166.8 -1.5 0 .  2 .  
32-.! 246.0 327.1 256.0 230.2 255.5 150.9 -3.9 5 .  Y .  
3 t ' . 2  2 7 2 . -  '33i.2 272.7 263.5 272.7 146.0 0 . 0  0 .  I. , 
ABS MACH NO REL MACH NO 
IN  OUT IN  OUT 
3.535 0.506 0.535 0.536 
3.602 0.562 0.602 0.562 
0.817 0.712 0.817 0.712 
0.833 0.690 0 .800  0.690 
0.775 0.631 0.775 0.691 
0.787 0.701 0.787 0.70: 
0.885 0.72C 0.885 0.720 
0.961 0.739 0.961 0.739 
1.i22 0.793 1.122 0.793 
0.988 0.878 0.588 0.878 
0.900 0.804 0.900 0.804 
MERID MACH KO 






0.668 0 . 7 0 0  
0.765 0.715 
0.845 0.738 






l O . C O  
30.00 







INCIDENCE OEV D-FACT EFF 
MEAN SS 
-7.9 -14.0 5 .6  0.199 0 .  
-9.3 -15.3 4.9 0.201 0 .  
-9.2 -14.6 6.5 0.246 0 .  
-3.7 -8.5 5 .3  0.300 G. 
-3.3 -8.0 5.0 0.278 0 .  
-3.6 -8.3 5.2 0.277 0 .  
-5.9 -10.5 5.9 0.330 0 .  
-8.0 -12.5 6.6 0.355 0 .  
-10.7 -14.9 7.9 0.385 0. 
-8.1 -11.8 6.5 0.213 0 .  
LOSS COEFF LOSS PARLM 
T O T  PRGF T O T  PRCF 
0.123 0.120 0 .046  C.046 
0.127 0.127 
0.C29 0.025 
0.008 0 . 0 0 8  
. O .  034 -0.034 
.O.  0 4 3  -0 .043  
0 . 0 1 1  0 . 0 4 1  
0 . 0 5 4  0.053 
0.046 0 . 0 4 1  
0.086 0.086 
0.047 G.C47 
0 .01 :  0.3:s 
0.C32 G.C32 






l i  95.CO -4.8 -8.4 6 . 8  0.212 0. 0.223 0.223 0.055 O.ii55 
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TABLE VIII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 










1 0  





















1 0  









1 0  

















IN  OUT 





37.7 - 1 . 4  
3 7 . 4  -1.2 




ABS \'EL REL VEL 
;iX OL'T IN  C O T  
225.6 165.9 203.6 165.9 
2 ! ! . 4  180.6 211.4  18@.6 
254.6 206.2 25d.C 206.2 
268. :  203.8 268.1 203.8  
262.5 ZD3.7 262.5  203.7  
2 6 , .  I 225.5 261.1 205.5 
X P . 3  212.6 269.3  210.G 
28Z.6 2 1 L . 3  282.6 214.2 
3 : - . !  2 5 . 6  JS-.l 225.8 
2-5.' ' E L . 8  2 - 5 . 7  194.8 
7 - -  - 
L + . Q  2 ! 2 , 5  2-2.6 2 ! 2 . 5  
16s MACH N3 REL M4iH N3 ~. 
IN 31': ihi 
2.5?4 0 , 4 6 2  0.574 
0.599 0.53' 0.599 
0.-x 0.583 0.729 
3 . 7 6 9  0.572 5.769 
0.751 0,571 0.751 
3 . 7 4 7  0.576 0 . 7 4 7  
5 . 7 - 2  0.591 0.772 
0.814 0.601 0 . 8 1 4  
0.897 0.638 0.891 
0.796 0 . 6 0 4  0.796 























- 0 . 1  -4.6 
-1.0 -4.1 
1 . 1  -2.5 
-2.13 - 7 . !  










0 . 6 0 4  
0.552 
DEV 
7 . 4  
6 . 8  
7.3  
6 . 7  
6 . 5  
6.7 
6 .9  
7.!  
a .  
5 .5  
5 .2  
REL BETAM 
i N  OUT 





37.7 -1 .4 
37.4 -1.2 





I N  R A T i O  
333.4 1 . 5 0 !  
332.0 l.0OC 







326.3 1 . 0 0 1  
338.4 0.99; 
MERID \'EL TANG \'EL 
;N OLIT i N  
1 - 1 . 1  165.9 1 1 c . 4  
183.1 1 8 0 . 6  125.: 
219.7 2J6.Z 126.6 
229.6  2 C J . 7  : 56 .5  
2 2 6 . 7  255.5 159.6 
213.9 210.5  1 6 3 . 6  
227.5 214.2 l 6 - . 6  
252.2 225.8 175.3 
224.5 2 1 2 . L  154.6 
226.3  l9L.: 157.5 
216.6 2 3 3 . 8  1 5 y . 9  
WERID M A C H  $0 
I N  OUT 









0.656 0 . 6 3 4  
0.663 0.552 
D-FACT EFF 
0.391 0 .  
0,334 0. 
0.363 0. 
0.429 0 .  
0.416 0. 





0.3613 o .  
OC'Y 
5.2 
- 1 . 1  
- 5 . 6  
- 4 . 7  
-5.4 
- 4 . 9  
- 4 . 6  
- 1  . 6  









- 0 . 0 1 1  - 0 . 0 1 1  
-0.035 -0.035 
-0.026 -0.026 




i J T 1 L  PRESS 






15.85 : . 3 1 1  
16.08 :.:OB 






C. L'. ... 
*. 
L .  
0.  
3 .  0. 
L .  C .  
c .  5 .  
5 .  0. 
2 .  2 .  
0 .  
L .  L ' .  .. c .  
MER:; PE:r, 5s 




0.541 1. '52  
0.372 .!L2 
3.934 . ' A 6  
3.984 .:" 





T C T  PRCF 
0;043 3.-043 
0 . 0 1 :  0.01 :  
0.009 0.309 
0 . 0 1 0  3.013 
-0.003 -0.303 
- 0 . 0 1 1  - 0 . 0 1 1  
0.006 0.056 
0.011 0.011 
0.010 0 . 0 1 d  
0.041 0.041 
-0 .oo13  - o . c x  
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TABLE VIII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 
(c) Reading 2584 
ABS BETAM 
I N  OUT 
REL BETAM 
























I N  OUT 
TOTAL :E#P 












T C T ; i  ?RESS 
























, I  
8 s  





















I O  

















40.7 - 0 . 1  
39.9 0.6 




IN  O l l T  
210.8 170.4  
218.5 178.0 
253.7 104.3 
263.: l 9 l , 2  
250.2 102.8 
262.1 194 .8  
270.5 : 9 9 . 4  
REL VEL 
IN  OUT 
















TANG VEL WEEL SPEED 
I N  CLIT 
0 .  5 .  
0 .  5 .  
5 .  2 .  
I?. 5 .  















1 . 7  
-1.7 
-2.0 




- 4 . 3  
-7 - 
L., * .  *. 
r:. * .  
V .  5 .  
C. L .  
0 .  
0 .  
2 .  L .  
L. 
* .  
215.2 204.7 
264.2 !89.5 264.2 189.5 209.7 189.4 
26C.A 1'3.3 269.4 ,173.5 213.5 173.2 
Z ~ t ; ; i  30.5 295.i 209.5 233.1 209.4 
280.5 204.8 












IN O i i T  
REL MACH NO 












MERID MACH 65 





























A - . .  ., . 
0.811 :.!65 
PERCENT INCIDENCE DEV D-FACT EFF 
SPAN MEAN SS 
5.00 8.8 2 . 7  9.6 0.413 0. 0:093 0..093 
10.00 4.4 -1.6 8.1 0.384 0. 0.073 0.073 
30.00 3.2 -2.2 7.9 0.415 0. 0.066 0.066 
0.073 0.073 
LOSS COCFF 







0.011 0.0: :  
50.00 4.2 -0.6 7.5 0.471 0 .  
52.50 5.2 0.5 7.2 0.459 0. 
55.00 5.5 0.8 7.2 0.460 0. 
57.50 4.7 0 . 1  8.1 0.459 0. 


















70.00 0.2 -4.0 10.0 0.457 0. 
90.00 1.9 -1.8 6.0 0.439 0. 
95.00 3.8 0.2 5.4 0.508 0. 0.201 0.201 0.050 0.350 
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TABLE VId. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 











I O  



















I O  










1 0  
RAD1 I 
I N  OllT 



















& - . 6  '45.8 
2--.4 !93.8 
233.9 233.6 
& - * -  , -  a L . 9  
2 0 2 . :  ' a1  . c  
ABS MACH N3 
[ti CL'T 
;.6@1 3.L74 
5.626 3 . 4 9 -  
3.694 3.535 
:.-36 3.518 






0 .847  5.567 
ABS BETAM REL BETAM 
I N  OUT IN  OUT 
39.6 3.2 39.6 3.2 
35.3 1 .4  35.3 1 . 4  
36.4 1.8 36.4 1.8 
4 1 . 4  -0.2 4 1 . 4  -0.2 
42.9 -0.5 42.9 -0.5 
43.5 -0.3 43.5 -0.3 
43.5 0.3 43.5 0.3 
42.5 0.6 42.5 0.6 
39.3 2 . 5  39.3 2 .5  
38.5 -1.2 38.5 -1.2 
313.9 - 1 . 0  38.9 - 1 . 0  
REL 
I N  
216.0 
216.3 





















1 6 4 . 0  
MERID VEL 







1 4 4 . 1  145 .8  




REL MACH NO 
I N  O U T  
0.601 0 . 4 7 4  










M C R I D  MACH Ni 
I& OUT 
0.463 0.473 
0 . 4 3 L  0.49': 
0.559 C.533 
0.551 0 . 5 ' 8  
0.531 0.518 
0.534 0.55,' 




0 .601  0.462 
PERCENT iN: IDENCE 
SPAN MEAX SS 
5 . 3 0  10.5 4 . 4  
1 C . C O  6.6 0.5 
33.33 5 . 3  - 0 . 1  
55.CO 6 . 7  1.9 
52.53 7 . 7  3.0 
55.00 7.9 3.2 
57.50 7.5 2.9 
DE< D-FACT EFF 
10.5 0.428 0 .  
8 .6  0.377 0 .  
9 .2  0 . 4 1 7  C. 
I . ,  0 . 4 8 7  0 .  
7 .5  0.482 0 .  
7 .8  0.472 0 .  
..- 
8 . L  0.474 3. 
TOTAL TEMP 
I N  RATiO 
344.9 0.99: 











( N  






1 8 4 . 3  






























\'EL WHEEL SPEED 
OUT : N  OVT 
9 .6  c .  5 .  
4 . 4  0. 2 .  
6.1 3 .  5 .  
-0.8 0. L I .  
-1.8 0. 2 .  
-0.9 i .  i. 
0.4 0. 3 .  
1.9 0 .  I. 
3 
3 8.9 0 .  1 .  
-3.7 5 .  L .  
-2.8 2 .  L .  
L3SS CSEFF 










O.CL6 3 . t L 6  





C.018 c . c :8  
60.03 6 , :  1 . 6  8.8 0.478 0. 0.083 0.383 0.C25 6 i t 2 5  
70.33 1 . 6  -2.6 10.8  0.4-6 3 .  3.109 0.138 0.331 0.03! 
53.00 2.9 -0.8 6.1 0.468 0 .  0 .109  0.109 0.028 :.:?a 
1 1  95.00 5.1 1.5 5.8 0.539 0 .  0.216 0.216 0.353 0.553 
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TABLE Vm. - Concluded. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 100 PERCENT OF DESIGN SPEED 










1 3  
































1 0  
RAD1 I 




























4 6 . 3  O.r 
45.1 1 . 7  
40.6  2.9 












X T  
7 4 . 1  




91 . 3  
9 2 . 5  




265.4 lo:  . I  
REL MACK X3 
;h i  W T  
3 , 6 5 0  5 . 4 - 7  
0.625 0 .L68  










I N  CC'T 
42.4 2.7 
38.1 2.7  
39.3 2.6 
45.0 -0.6 
4 5 . 4  0 . 3  
46 .8  0 . 8  
46 .3  0 . 4  




MCRI@ M A C H  ?ii 
; N  0:r 
c .443 C.L?i 
0.523 c.515 
0 .557 0.5C6 




0.635 0 .542  
0 .582  0.L83 
0.508 0 .450  
0.47' 5 . 4 8 7  
PERCENT INCIDENCE DEV D-FACT EFF 
SPAN MEAN SS 
5.00 13.3 7.2 10.0 0 . 4 4 0  0 .  
1 0 . 0 0  9.3 3.2 9.9 0.399 0 .  
30.00 8.2 2.8 1 0 . 0  0 . 4 1 4  0. 
5C.00 10.2 5.L 7 . 4  0.501 0. 
52.50 10.2 5.5 8.1 0.L8:  0. 
55.33 11.2 6.6 8.9 0.488 0. 
57.50 10.2 5.7 8.5 0.500 0. 
60.00 8.6 4.2 9.9 0.50! 0. . . 
7c.0c 3.0 -1.2 11.2 0.49: 0 .  
90.50 3.7 - 0 . 1  5.7 0.500 0. 
! I  95.00 5.3 1.i 6 . 2  0.548 0 .  
T C i A L  TEXP 
I N  R A T i O  
349.6 0.033 






3 4 6 . 3  3.994 
5 4 3 . 6  0.997 
532.2 l.CO1 
331.8 0.990 
O l ' T  
8.1 
6 . 4  
6 . 4  
3 . C  
2.8  
1 . 3  
5.3 
1 3 . C  
-4 .8  
- 1  . 6  
- .  - 1  L." 
LOSS COCFF 
i o '  PR l j r  
0.135 0 .130  
2.081 0.061 





0 . 1 2 4  0.122 
0 . 1 4 0  6.139 
3 . : 4 2  0.142 
5.216 0.218 
TCI~AL PRESS 
i N  RAT:; 
16.42 2.872 











i K  3CT 
0. L .  
2 .  L .  
C. .. 
3. 2 .  
3 .  * .  
2. L .  
L .  -.  
7 ". 
1.856 : . ' 4 5  
0.785 1.!8.4 
O.CL? C.CL9 





















I O  




















i o  










I O  
I I  
(CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 
(a) Reading 2571 
RAD1 I 




24.209 2 3 . 7 ~  
ig:i87 191210 - 

































ABS MACH NO 


















. o . o  35.2 
































REL MACH NO 


























2.4 -0.3 -2.2 
1.4 -1.5 -1 .4 
2.4 -1.5 0.1 
2.9 -2.2 3.7 
3.0 -2.3 4.9 
2.9 -2.5 5.9 
3.0 -2.6 4.7 
3.0 -2.7 5.1 
3.2 -3.1 5.6 
3.6 - 4 . 1  5.6 
MEAN SS 








































MERlD MACH N t  
IN  OUT 




































I N  
0 . 0  
0 . 0  
0 . 0  
0.0 
- 5 . 0  





























0 . 0 8 4  0.082 




























X R i L  PEL% 5 s  
';EL R X L C f l  I; 
< I . , d d  <,, :.3'8 
:.034 :.3:3 
c.35; :.42: 






















TABLE M. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 










I O  





















I O  











1 0  


















! 8 - . L  2C5.0 
2;:.7 227.1 
2 : : . 4  225.8 
222.2 224.3 
2:z.e 232.9 
2 : 3 . 4  235.3 






C.614 0 . 6 4 7  
0.616 0.643 
0.619 0.663 






0 . 0  30.9 
- 0 . 0  28.0 
- 0 . 0  32.1 
0 . 0  3 8 . 6  
- 0 . 0  39.5 
0 . 0  4 0 . 1  
- 0 . 0  39.6 
- 5 . 0  39.6 
- 0 . 0  4 0 . 8  
0 . 0  4 0 . 5  
- 0 . 0  40.2 
REL VEL 
IN CC'T 






343.3 222 . ,  
325.8 210.5 
291.2 193.3 
3 5 4 . 5  228.5 





6 0 . 7  51.6 
55.9 4 1 . 0  









1 4 6 . 0  152.8 
162.1 1 6 4 . 4  
187.4 173.6 
2 0 0 . 7  177.3 
201.4 174.2  




197.4  176.1 
2 0 0 . 0  177.6 
REL MACH NO MERID MACM FiO 
I N  OUT I N  OUT 
1.201 0.900 0.436 0.435 
1.204 0,911 0.487 0.470 
1.159 0.800 0.568 0.49: 
1.079 0.654 0.616 0.499 
l.C68 0.640 0.616 0 . 4 9 2  
1.059 0 . 6 4 6  0.619 0.511 
1.048 0,640 0.621 0.521 
0,994 0.608 0.617 0.528 
0.888 0.562 0.602 0.512 
0.871 0.558 0.610 0.517 
I . O O I  0.6:3 0 . 6 1 2  0.558 
PERCENT INCIDENCE DEV D-FACT ETF 
SPAN MEAN SS 
5.00 3.1 0 . 4  -2.6 0.299 0.790 
1 0 . 8 0  2.3  -0.6 -2.0 0.286 0.837 
50.00 4 . 3  -0'.9 3.6 0.464 0.868 
52.50 4 .3  - 0 . 9  4.7 0.476 5.856 
55.00 4 . 4  - 1 . 0  5.9 0.484 0.852 
57.5C 4 . 4  - 1 . 1  5 .3  0 . 4 7 7  0.891 
60.00 6 .5  -1.2 5 . 3  0.476 O.9C6 
70.00 4.8 -1 .4 6 . 4  0.484 0.936 
9 0 . 0 0  5.7 -1.7 8 . 3  0 . 4 5 5  0.932 
95.00 5 . 4  -2.3 5 . 3  0 , 4 4 4  0.924 








287.8 1 . 1 4 5  
287.7 1.140 






0 . 0  01 .4  
-9.0 87.5 
- 0 . 0  lG9.I 
0 . 0  141.8 
- 0 . 0  143.6 
0 . 0  1 4 4 . 3  
- c . o  147.1 
- c . o  149.9  
- 0 . 0  157.8 
0 . 0  152.4 
- 0 . 0  149.9 
LOSS C X F F  
T C T  PRCF 














0 . 1 1  :.366 




0.15 l .5:!  
10.15 1.525 
10.15 :.53: 
1 0 . : 4  I.LL2 






L.. ' G 6 . 4  295.9 




2 ! 4 . !  232.2 
233.8 222.2 





2.892 : . 3 4 7  
6.888 1.26L 
c.83: : . 5 2  
LOSS PASLX 
TOT P R X  
o.cz4 3.;IL 
0.?27 2 . t ! 7  . . ~  
0.C28 :.:!- 




0.01L 5 . 2 1 4  
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TABLE IX. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 










1 3  



















! 3  










7 0  















IN  O V T  
155.9 185.4 
178.5 202.2 
1P3 .8  223.5 
19;.8 223.2 
s . 8  222.-  
'E.:.; 2-.: 
- - . e  231.2  




I - ,  
*L, v . - .  - 
ABS KACH NO 
iN JUT 
5.418 0.531 











IN  OUT 






- 0 . 0  42.6 
-0.0 43.3 
0.0 42.5 















REL MACH NO 













IN  OUT 
65.5 59.6 
67.0 55. I 










IN  OUT 
143.2 158.5 
155.9 157.6 
178.5 164.7  
150.8 1 6 6 . 7  
150 .8  1 6 4 . 4  
191.8 163.1 
192.0 166.8 
192.1 1 7 0 . 1  
191.6  171.7  
186.3 165.1 
189.3 167.8 
MER I D  MACH hi0 
I N  OUT 
0.418 0.451 
























I N  OUT 
0 . 0  58.5 
0 . 0  9 7 . 7  
- 0 . 0  117.4 
0 . 0  148.8 
5.0 150.9 
0 . 0  15i.6 
0.0 154.2 
- 0 . 0  156.6 
-0.0 161.5 
- 0 . 0  152.9 
0 . 0  153.9 
TOTAL PRESS 
IN  RAT:; 
9.93 1.413 























r;c4;c PEL( ST, 
'/EL R NLCbi M 
!,731 !,35' 
1 , G I !  :.354 






























6 . 0  0.3 




























LOSS C O C K  
T O T  PROF 
0.C66 0.037 














C.015 3 . C : :  . . 
0.027 c.3:5 









TABLE M. - Concluded. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 










I O  





















: 3  










1 1  
7 
L 














IN  OUT 
0 . 0  39.3 
- 0 . 0  35.0 
0 . 0  38.2 
0 . 0  43.8 
- 0 . 0  45.0 
- 0 . 0  46.1 
- 0 . 0  46 .2  
- 0 . 0  45.7 
0 . 0  45.9 
0.0 4 4 . 4  
0.0 43 .6  
ABS L'EL 
:N ~ L ' T  . . ._ 
l4- .6  186.3 396.3 236.8  
!69.8 233.2  375.3 259.5 
367.5 214.6 
132.8 1 8 4 . 3  397.0 2 ~ 1 . 0  
c.545 3.625 
3.547 0.626 






343.7 2 c 7 . 5  
3 1 2 . 2  253.5 
332.5 lo:,? 
314.6  168.8 
335.9 ! + a , ?  
REi  MACH 1\;5 
I& 31lT 
1.184 0 ,814  
1.164 0.838 











5 .  O D  




55. O C  
57.53 
6C.00 




4 . 9  2.2 -3.3 
4.3 1.4 -1.9 
5 . 9  2.0 1.7 
7.2 2 .1  4 . 9  
7.3 2 .0  5.6 
7 . 4  2 .c  6.1 
7.5 1.9 5.8 
7.6 1.9 5.6 
9.1 1 . 8  9.8 
8 . 7  1 . 0  5 .6  
MEAN ss 
8.1 1 . 2  7.6 
REL BETAN 
I N  OUT 
70.5 60;5 
68.1 59.1 
63.1 51 .9  
58 .8  42.3 
58.3 41.2 
5 7 . 8  40.0 




4 8 . 8  2 2 . 4  
MERID \'EL 
IN  5clT 
31.8 142 .7  
47.6 152.4 
69.8 159.8 
65 .8  1562  
81.4 153.- 
81.6 156.3 
8 2 . 0  i 6 2 . 2  
181.0 101.6 
i75 .8  156.2 
1'9.2 l63.G 
8 3 . 0  158 .8  
MtX I D  M A C H  $2 
Iii 31'T 
0,395 0.450 
9 . 4 4 1  3.430 
" r l h  n , 7 -  
0.548 0 . 4 6 3  
0.532 0.457 


















287.8 1 . !56  










1 0 . 1 3  ! .L54 
1C.:5 !.523 
10.15 ! .55 :  
10.i5 : .5& 
10.15 : . 5 4 3  
lC.15 : .55L 
10.!5 1.506 
10.:5 1.563 
13. l .4  : . 4 7 3  
10.13 ! . G :  
T A N G  \'EL kKEL S?EE? 
!N L ' T  :N ;L:? 
3 . 5  116.7 375.1 363.! 
- 0 . 2  156.6 367.8 36!.3 
5 . 5  125.6 334.7 329.5 
0 . 0  151.4 
- 3 . 5  :55.9 
- 2 . 3  15P.9 
- ? . 2  j S . 8  
LCSS CCCFF 
id; PRiF 
0.1-2 5 . : c :  
5. i .24 3.393 









LCSS P A G Y  
T C T  P R X  
C.032 C . C Z  







3.312 $ . : I :  
0.012 C . $ i 2  
c,.o29 
46 










I O  










E .. I "  
,. 










I O  












(CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 













I N  OUT 
ABS VEL 












ABS MACH NO 
IN  O I ' T  
3.519 0.461 
0.262 0.521 



















27.7 0 . 1  
2 8 . 2  - 0 . 0  
29 .0  0.3 
REL VEL 
I N  OUT 
179.1 159.8 
193.5 l i 9 . 9  
248.3  214.1 
271.4 227.8 






276.9  262.4 
REL MACH NO 












PERCENT INCIDENCE DEV 
SPAN MEAN SS 
5.00 -8 .7  -14 .9  8.2 
1 0 . 0 0  -9.5 -15.6 7.0 
30.00 -8.5 -13.9 6.6 
50.00 -5.8 -10.6 7.8 
52.50 -6.4 - 1 1 . 1  7.3 
55.00 -6.8 -11.5 7.3 
57.50 -8.6 -13.2 7 . 4  
60.00 -9.3 -13.8 7.6 
70 .00  - 1 0 . 0  -14.2 8 . 4  . .. ... .- 
90.00 -7.4 - 1 1 . 1  S;2 
I I  95.00 -4.8 -8.4 7.0 
REL BETAM 
I N  OVT 
20.4 0.8 
19.2 -0.2 
22 .6  -0.8 
28.9 -0.2 
28 .9  -0.7 
28.8 -0.8 
2 7 . 5  -0.8 
27.2 -0.6 
27.7 0 . 1  
28.2 - 0 . 0  
29.0 0.3 
MERlD VEL 







263.0  233.8  
265.3 237.7 
279.0 2 4 9 . 3  
255.1 260.3 
242.2 242.4 
MERID MACH NO 













0.235 0 .  











I N  RATIO 
312.0 1 . 0 0 1  
313.1 0.999 
319..8 0.998 




325.0 1 . 0 0 0  
325.0 1 . 0 0 0  
























- 2 . 7  
0.6 
-0 .  I 
1 . 1  
LOSS COEFF 
T O T  PROF 
0.191 0.191 









0 .202 0.202 
TOTAL PRESS 


















c .  0. 
0 .  0. 
0. 0. 
0 .  0. 
0. 0. 
0 .  3. 
0. 2 .  
MERIC PEAK SS 















0.040 0 .040  
0.029 0.029 
0 . 0 1 1  0 .611 
0.005 0.005 







TABLE X. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 










I O  




















1 0  











0 ,  I ,  
(c) Reading 2580 
RAD1 I ABS BETAM REL BETAM TOTAL TEMP TOTAL PRESS 
IN O i l T  IN OUT I N  OUT IN RATIO I N  RAT:C _ _  .. 
23:894 23.866 32.2 1 .7  32.2 1.7 325.4 1 . 0 0 5  14.33 2.965 
23.393 23.304 31.2 - 0 . 1  31.2 - 0 . 1  325.0 1 . 0 0 0  14.37 0.994 
21.468 21.359 32.0 0.0 32.0 0 . 0  327.9 1 . 0 3 1  15.36 3.997 
19.355 19.380 36.6 -0.2 36.6 -0.2 331.0 0.99: 15.50 0.988 
19.588 19.591 35.9 0.2 35.9 0.2 331.1 0.99; 15.56 0.485 
i g . : i g  19.169 36.8 -0.0 36.8 - 0 . 0  330.7 0.998 15.14 3.955 
18.882 18.961 36.4 0.4 36.4 0 . 4  330.6 0.999 15 .60  0.943 
18.643 ia.:55 36.0 0 . 2  36.0 0.2 330.4 0.999 15.72 0.985 
17.706 17.950 36.2 0 .7  36.2 0.7 329.0 0.998 15.72 3.98: 
15.829 16.383 36.4 - 1 . 5  36.4 -1.5 322.3 1 . 0 0 3  14 .79  0.985 
15.372 15.977 36.5 -1.7 36.5 -1 .7  321.6 1 . 0 0 1  14.61 0 . 9 G  
ABS \'EL REL VEL MERID VEL TANG \'EL WHEEL SPEED 
:K  O C ' i  IN  C l l T  I N  OUT IN  OtlT !N OtlT 
! 8 8 . 8  148.9 188.8  148 .9  159.8 1 4 8 . 8  i 0 0 . 7  1.4 0. 3 .  
19i .5  163.5 191.5 163.5 163.7 163.5 99.3 -3.3 0 .  0 .  
223.4 183 .3  223.4 183.3 189.6 183 .3  1 1 8 . 3  0 . 1  s. J .  
252.; 1 C 2 . 0  252.0 192.5 2 0 4 . 0  192.C 1L7.9 0.5 0 .  *. 
2 5 : . 2  :92.3 251.2 192.3 2 5 i . 7  192.3 149.6  -C.7 0. (.. 
25:.- ! 91 . . !  255.7 194.1 200.7 l9L.1 150.2 - 0 . 1  0. * .  
!40 .L  257.1 IQ0.L 2 0 7 . 0  196.4 152.5 1.2 c .  2 .  
202.3  : p a . 3  ~ 6 2 . 9  i w . 3  2 1 2 . 7  198 .3  154 .5  5 . 8  5 .  5 .  
206 . '  2:;.2 208.1 235 .2  216.3 221.2 158.5 2 .5  0 .  *. 
Z L - . '  tz.9 Z L : . :  1 x . g  198.9 1 9 2 . ~  1 ~ 6 . 6  -5.5 5 .  * .  
2.46.2 !-2,2 2 4 6 . 2  172.2 197.9 172.2 146.5  -5.: 3 .  L .  
, 
ABS MACH NO REL MACH NO 
;s 31': I N  O l l T  
0.537 O . L l 8  0.53: O.Ll8 
2.5d5 0.L62 0.545 0.462 
: .G:  c.518 0.643 0.518 
2.72-  5.543 0.727 0.5L3 
C.-ZL 5 .543  0.724 0.51.3 
3.723 5.5dP 0.723 0.549 
C.TL3 3.556 0.743 0.556 
NERID MACH N2 






IN  O U T  
0.588 0.543 
.  . ~~~ 
3.762 0.501 O.:I;2 0.56: 5 . 6 1 7  0.56; 
0.721 3.551 0.721 0.551 0.581 0.551 
0.720 0 .490  0.720 0 . 4 9 0  0.578 0.490 
0.781 0.509 o . -a i  0.569 0.630 0.569 
PERCEKT INCIDENCE DEL' D-FACT EFF ids5  CCEFF 
SPAN MEAN SS TO: PRCF 
5.50 3.1 -3.0 9.1 0 . L 3 6  0 .  0.176 O.i-6 
! O . C C  2.5 -3.6 7 .1  0.340 5 .  0.033 0.033 
3 0 . 3 3  0.9 -4.5 7 . 4  0.300 0 .  0.013 0 . 0 1 3  
50 .00  1 . 2  -3.6 8 . 1  0.421 0. 0.051 0.051 
52.50 1 . 4  -3 .3  7 . 8  0 . 4 1 ~  0. 3 .042  0 .542  
55.00  1 . 2  -3.5 8 . 1  0 . ~ 0 8  0. 0 . 0 1 7  0 . 0 1 7  
57.53 0 .3  - 4 . 2  8 . 5  0.413 0 .  5.032 0.332 
6 5 . 0 ~  -0 .5 - 4 . 9  8 . 4  0.419 0. 0 . C L 7  0.017 
7 5 . 0 3  -1 .4  -5.0 9.0 0 .417  0 .  5.056 0.056 
~ 0 . 5 0  0 . 8  -2.9 5.8  0 . 3 7 3  o .  0.053 0.053 
95.00 2 . 8  -0.8 5 . 1  0 . 4 5 0  o .  0.185 0 . 1 8 5  
2.953 :.:$' 
3.9.45 ; . ! $ '  






T O T  PRZr 
0.C67 0.;: 
5.012 5.312 
c.oc.4 0 . 3 3 4  
O.Cl3 :.GI3 
0.305 0 . C 2 5  




0 . 0 4 6  0.246 
d.0!6 c.;!o 
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TABLE X. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 











I O  











. L  










1 0  
























I N  OUT 
ABS VEL 












ABS MACH NO 































2 4 4 . 9  180.5 






REL MACH NO 












PERCENT INCIDENCE DEV 
SPAN MEAN SS 
5.00 10.5 4.3 9.8 
1 0 . 0 0  5.6 -0.4 8.6 
30.00 3.5 -1.9 7.9 
50.00 3.4 -1 .4 8.2 
52.50 4.0 -0.8 8.2 
55.00 4.6 -0.0 8.3 
57.50 4.0 -0.6 8.5 
60.00 2.9 -1.6 8.8 
70.00 1.5 -2.7 9.1 
00.00 2.5 -1.2 6.0 
1 1  95.00 3.0 0.3 5 . 6  
REL BETAK 
I N  OUT 
35.5 2.5 

















1 9 7 . 7  
MERID VEL 












KERID MACH &O 

























































































0 .  c .  
0. c .  
0. 3 .  
3. L . .  
c .  5 .  
0. 5 .  
0. 2 .  
0 .  \I. 
c .  U .  
5 .  2 .  
MER;; PEAK 5s 
l,SE! 6 , 5 ! 2  

























TABLE X. - Concluded. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 90 PERCENT OF DESIGN SPEED 











I O  




















1 0  










1 0  
RAD I I 






























32.6 - 0 . 4  
33.4 -5.1; 
33.8 - 3 . 7  
32.9 -0.6 ~- 
32.7 -5.5 
33.3 - 0 . 1  
33.9 -1.8 
34.0 -1.9 
ABS VEL REL VEL MERID VEL 
;N SLIT IN Ci 'T IN dllT 
179.9 155.2 179.9 155.2 154.0 155.2 
192.7 166.8 192.7 166.8 170.9 166.8 
223.2 193.9 229.2 190.9 231.1 193.9  
26:.L Z S A . !  261.4 2 0 4 . 8  220.1 204.8  
253.2 2C5. 259.2 205.7 216.5 205.7 
25-.1 236.8  157.1 206.6 213.6 2L7G.7 
' 6 - .6  228.6 2G7.6 208.6 2 2 L . 6  708.C 
2-3.- 2 ' 7 . 3  273.7 212.5 230.3 212.3 
28 ' . :  2 ! 8 . 2  '81.0 218.2 2 3 4 . 8  118.3 
259.' 2 ! 3 . 2  258.7 213.2 214 .8  213.: 
255.3 ! 3 5 . 8  255.3 185.8 211.6 195.6 
ABS MACH N3 
i N  i ) l 'T 
3.512 0 . 4 4 3  
3.552 0.475 
REL MACH KO MERID MACH 40 
I N  OUT I N  OClT 
3.512 0.445 0.L38 0 . 4 4 5  
0.552 0.475 0,490 0 . 6 7 5  











0 . 7 4 6  0.580 
0.781 0.595 













;iX R A T ; G  
323.c 2.09.: 
32:.5 2.998 




32Y.l 1 . 3 5 0  
32a.4 1 . 5 5 3  
321.3 1 . 0 3 1  
325.4 1 . 0 0 3  
317.3 .0.993 























: . 986 
s . $46  
; .+as 
TAN;, \'EL WEEL SPEE2 
I N  OCT IX oc: 
93.1 1.8 2 .  b .  
83.C -113 c .  L. 
139.9 -3 .9 3 .  I. 
1 4 : . 0  -1.5 9. Y .  
lL2.6 -2.2 2 .  * .  
1 L 3 . 0  - 2 . 4  :. *. 
1L5.5  -'.I .. b .  
147.9 -2.S 2 .  ... 
1 5 4 . 4  -3.5 c .  b .  
14.4.: -6 .6  2 .  I. 




PERCENT INCIDENCE DEV D-FACT EFF LOSS COEFF LOSS PARZX 
SPAN MFAN SS TO' PRGT TOT PRCi -. . . _. 
5 . 0 3  2.1 -4 .1  8.0 0.331 0 .  01371 0.071 0:527 0.527 
1 0 . 0 0  -1.3 -7.3 6.7 0.309 0 .  0.960 0.065 C.022 3.022 
30.00 -2.4 -7.9 6 . 3  0.337 0. 0.037 0.037 C.Cl3 3.::3 
5 0 . 0 0  -2.1 -6.9 7 .6  0.386 0 .  0.C43 O.OL3 3.013 C.C:3 
52.50 -1.9 - 6 . 6  7 . L  0.379 0 .  0.021 0.02! 0.036 0.C26 
55.00 -1.9 -6.5 7 . 4  0.368 0 .  -0.004 - 3 . 0 3 4  -C.OOI -3.C3: 
57.53 -3.1 - 7 . 7  7.6 0.386 0 .  0.034 0.034 3 . 0 1 ;  C.3:: 
6C.00 -3.8 -8.2 7.7 0.387 0 .  0.032 0.032 0 . 0 1 0  0.0:3 
70.00 -4.3 -8.5 8.1 0.379 0. 0.023 0.023 0.006 3.326 
90.00 -1.7 -5.4 5.5 0.322 0 .  3.043 0.043 0 . 0 1 1  : . 2 : l  
! I  95.00 0 .2  - 3 . 4  4.9  0.375 0 .  0.172 0.172 0.042 5.042 
50 









I O  





























I O  
: I  
- 
(CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 
(a) Reading 2563 













ABS MACH NO 













I N  OUT 
0 . 0  11.5 



















229.7 1 8 6 . 4  
239.4 258.5 
268.9 208.3 
2 2 5 ~ 8  182.6 
REL BETAN 










4 4 . 4  21.9 
50.8 29.8 
MERID VEL 












RCL MACH NO MERID M I  
I N  GUT I& 
0.934 0.860 0 .348  
0.938 0.849 0.354 
0.897 0.760 0.650 
0.845 0.642 0.482 
0.837 0.621 0.484 
0.827 0.607 0.485 
0.809 0.611 0.487 
0 . 8 1 8  0.611 0.487 
0.771 0.581 0.487 
0.691 0.551 0.478 




1 0 . 0 0  














































ICH # C  
GUT 
0,398 
0 . 4 1 8  
0, L66 
0,485 


























288.0 1 . 0 7 1  
287.7 1.07~ 






0 . 0  27.6 




c . 0  94.5 
3.3 04.9 
0.0 9 6 . 6  






















I C . ! L  1.226 







:N x i  






214.8 2 ! 7 . !  
198.7 234. ’  
165.9 178.4 
157.0. ‘, 72.2 
218.7 z . 3  
LOSS PARAM 
TOT PRCF 
0 .609  5.COG 











TABLE XI. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










I O  



















I O  











1 0  
I 1  
- 









RAD1 I ABS BETAM REL BETAM 
IN OUT IN  OUT I N  CUT 
24.715 24.320 0 . 0  21.7 69.9 60.5 
24.209 23.782 0 . 0  22.1 67.1 59.7 
0 . 0  26.2 62.2 52.7 
- 0 . 0  34.4 57.8 4 1 . 9  
0 . 0  36.1 57.4 40.5 
- 0 . 0  36.6 56.8 39.6 
0 . 0  36.0 56.3 38.4 
0 . 0  37.3 53.9 30.7 
0 . 0  37.5 4 9 . 6  23.0 
0 . 0  37.2 47.5 21.8 




l 2 ; * 8  
! 3 6 . 4  
! L 4 . 2  
7 4 4 . 6  
!45.4 
7 4 5 . 5  
!45.5 
OLIT 




' 0 . 5  
- 9 . :  
..- 
..- ~ 0 . 8  















310 .0  
309.8 
202.7 




2 4 G . 3  
218.6 





2 6 2 . 4  
233.0 
194 .4  
187.5 






REL MACH NO 
I N  OL'T 












IN  CUT 
106.7 132.2 
120.8 132.4 
136.4 1 4 1 . 2  
1 u . 2  i i 4 . e  
115.5 141.8 
1 4 4 . 6  142.6 
145.4 142.C 
145.5 l L 7 . s  
145.1 1 5 0 . G  
141.8 150.2 
1 1 4 . 9  1 4 9 . 0  
MtR;D M A C H  iG 
0.316 0,385 
0 . 4 0 7  0.6:l 
0.432 0 .425  
0.433 0 . 4 1 4  
0.435 0 . 4 1 2  
0.136 0.425 
0.436 0 . 4 2 8  
0.435 0 . 4 3 9  
0 .424  0.140 
0.434 0.437 
I K  OUT 
0.359 0.385 
PERCENT INCIDENCE DEV D-FACT EFF 
SPAN MEAN SS 
5.00 4.2 1.5 -3.3 0.198 0.944 
1 0 . 0 0  3 .2  0.3 -1.3 0.217 0.867 
50.00 6.2 1 . 1  4 .5  0.393 0.871 
52.50 6 . 4  1 . 1  4 . 9  0.416 0.859 
57.50 6 . 6  1 . 0  6 .3  0.413 0.883 
6 0 . 0 0  6 . 7  1 . 0  6 . 6  0.608 0.916 
70.00 7.0  0 .8  7.2 0.413 0.935 
90.00 7.9 0.5 6.9 0.375 0.978 
95.00 7 . 4  -0.3 5.0 0.369 0.957 
3 0 . ~ 0  5.0 1 . 1  2.5 0.284 0.917 
55.00 6 . 4  1 . 0  5.7 0.422 0.853 
TGTAL TEKP 
I N  RAT:C 









287.7 1 . ~ 6 5  
287.8 1.067 





10.14 i .263 
10.14 1.263 
10 .14  7.262 
1 0 . i . 4  I.2G8 
IC.14 1.274 
IO.:A 7.287 
1 0 . 1 4  7.257 
10.13 7.261 
TANG VEL AHEEL S?tEi\ 
I N  CL'T I N  GC17 
0 . 0  53.7 285.2 282.2 
0 . 0  6 9 . 6  258.9 254.9 
0.0 52.: 291.0 286.3 
-0.0 99.2 
0 . 0  1 0 4 . :  
- C . 0  105.4 
0 . 0  105.4 
0 . 0  136.4  
c . 3  1i4.8 
C . O  115.2 
0 . 0  113.1 
LOSS COEFF 
T O T  PRCF 
0.023 0.022 
0.056 0.056 
0 . 0 4 4  0.044 
0.093 0.093 










218.4 2 2 ; . :  
214.4  2 : G . -  
198.7 2 3 4 . :  
166.6 1-8.3 
158.3 ! 7 2 . 6  
XER:; PEhr ss 
;E; 4 XLCH It 
1.236 '.!L3 
7.096 l . :3!  
: .235 :.23; 
l.t34 :.2'4 
0.586 ' . 2 Z  
0.977 !.272 
0.995 7.2" 
! . C l :  1.265 
1. i38 : . 2 2 1  
T.059 7 . 6 4 2  
1 . ~ 2 8  3.576 
LCSS P A U X  
T O T  PRCF 
0.0CL c.;c4 






0 . 0 1 5  3 .0 !5  
0.013 O.CY3 
3 .004  0.SOA 
0.008 C.008 
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TABLE XI. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










1 0  





















I O  










I O  
























:32.- 1 3 . 0  
!32.4 :86.5 
: 5 2 , 9  183.2 
:35.2 :e2.1 
ABS MACH NO 














0 . 0  
0 . 0  




















261 . e  
238.8 
BETAM REL 

























REL MACH NO 
























5 0 . 0 0  
INCIDENCE DEV 
5.7 3.0 -3.2 
7.2 3.2 3.8 
8.7 3.6 5.1 
8.9 3.5 6 . 4  
9.0 3.5 5.9 
9.2 3.5 6 . 4  
9.5 3.2 6.8 
10.2 2.8 7.8 
9.4 1.7 5.2 
MEAN SS 
4.8 1.9 -0.8 
8.8 3.6 5.8 
BETAM 
OUT 




















132.4 1 4 1 . 0  
130.9 141.4 
135.2 1 4 0 . 7  
913.7 124.9 
MCRID MACH NO 





























































0 . 0  i i e . 8  
,TOTAL 



















































MERit F‘ELK SS 












LOSS COCFF LOSS PARAX 
0.060 5.055 3 . 0 1 1  O.SI1 
0.073 0.073 C.C!L  3.0!4 
0.006 0.095 0.0!9 0.0:9 
0.136 0.135 0.036 0.03: 
0.160 0.159 0.036 0.036 
0,172 0.172 0.039 0.033 
C.147 0 . 1 4 7  0.034 3.333 
0.133 0.133 0.030 0.03: 
0.026 0.026 0.005 0.005 
0.026 0.026 0.005 0.505 
T O T  PROF TOT PacF 
0.079 0.079 0.018 0 . 0 : ~  
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TABLE XI. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 








0 . 0  47.6 
0 . 0  43.8 
0 . 0  42.1 
0 . 0  41.6 














G I . $  38.1 
TCTAL TWP 
I N  RAT15 
283.0 1.077 


























I O  










P . "  I "  









I O  













I O  





















ABS VEL REL VEL 
;N OCT IN 3clT 
88.4 136.5 305.2 238.9 
99.3 136.2 303.2 236.1 
MERID VEL 




17.8 1 1 4 . 3  
18.1 112.5 
18.7 114 .7  
19.1 120.0 
17.2 i i a . 2  
TANG Ki. 
1 N  OLIT 
5 . 0  76.9 
0 . c  7 4 . 6  
3 . 3  s7.c 
0 . 0  ::9.3 
5 . 0  1 3 . 3  
0 . 0  : 2 7 . 4  
0.9 130.: 
3 . C  131.5 
0.3 125.6 
0 . 0  !13.3 
0.5 119.0 
292.2 287.6 
286.5 3 : . 5  
260.1 256.! 111.4 150.7 283.0 196.5 
117.2 167.8 258.4 161.7  
117.8 168.1 255.5 154.3 
! ! E . !  IG9.9 252.1 118.0 
118.7 173.9 249.1 145.8 
233.3 229.3 
226.7 2 2 7 . ;  
222.7 223.6 
213.2 223.6 




:Is.: :78 .0  245.9 147.6 
!2:.5 187.1 233.0 154.6 120.5 135.3 
!2:.5 178.5 205.9 145.2 120.5 132.1 
!25.7 : -9.2 202.3 14A.d 125.7 133.9 
ARS MACH NO REL MACH NO MERID MACH NS WERi; PEL( 55 




;.c:7 ! . 3 L 3  





: . c 5 6  :.;72 
1.366 C . 4 3  
_. . 




































PERCENT INCIDENCE DEV 
7.6 4.9 -1.9 
7.1 4.1 0.2 
9.7 5.7 3.8 
SPAN MEAN SS 
D-FACT EFF LOSS COEFF 
T O T  PRCF 
LCSS PARAX 
T O T  PRCF 
0.312 0.777 0.132 0.131 
0.312 0.763 0.138 0.137 




















1.4 6.3 5.8 
1.5 6.3 6.6 
1.7 6.2 6.7 
1.8 6.2 6.0 
1.8 6.1 5.3 
2.0 5.1 5.7 
2.5 5.1 8.4 
1.5 3.8 5.1 
0.514 0.791 


















TABLE XI. - Concluded. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
ROTOR 21 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










I O  











8 ”  ,. a .  










I O  












I O  


























ABS MACH NO 













I N  OUT 
0.0 55.3 







0 . 0  46.0 














2 ~ 9 . ~  138.8 
REL BETAM 

























REL MACH NO MERID MACH NO 
IN  OUT IN OUT 
0.890 0.543 0,216 0.221 
0.883 0.565 0.249 0.255 
0.822 0.498 0.284 0.291 
0.729 0.381 0.308 0.285 
0.721 0.372 0.311 0.289 
0.674 0.429 0.321 0.380 
0.586 0.413 0.347 0.381 
0.749 0.415 0.305 0.303 
0.740 0.398 0.306 0.292 
0.712 0.375 0.313 0.305 













INC IDENCE DEV 
MEAN SS 
10.4 7 . 7  2.2 
9.8 6.9 2.2 
12.7 8.7 4.1 
14.4 9.3 5.7 
14.5 9.3 7.1 
14.6 9.2 7.6 
14.6 9.1 7.0 
14.7 9.0 5.3 
14.7 8.4 4.2 












1 1  95.00 13.6 5.9 5.8 0 . 4 i 5  0.984 
TOTAL TEMP 
IN  RATIO 
288.7 1.102 
208.8 1 . 1 0 8  
288.3 i . 1 0 0  
2ee.1 , 1 0 1  
288.1 . i o 1  
287.9 .loo 





TANG K L  
IN  OUT 
0 . 0  112.9 
0.0 104.1 
0.0 114.6 
0 . 0  131.7 
0.0 133.1 
0 . 0  135.6 
0.0 139.1 
0 . 0  141.7 
0 . 0  136.3 
0.0 119.1 








































MERiL PEIK  5s 
‘/EL R MACH Sic 
1.C67 1.362 
1.066 1,253 



































I O  











8 ,  









I S  










1 0  
I 1  
- 
56 
(CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 
(a) Reading 2563 
RAD I I 
23.894 23.866 
23.393 23.304 











I N  OUT 
11.7 0.5 
11.5 -0.9 
15.7 - 1 . 1  
22.9 0.2 
24.4 0.1  
25.0 0 . 1  
24.3 - 0 . 1  
24.0 -0.3 




I N  OUT 
11.7 0.5 
11.5 -0.9 
15.7 - 1 . 1  
22.9 0.2 
24.4 0 . 1  
25.0 0 . 1  






I N  O C i  .. 







23L.4  232.: 
2 4 : . 8  212.3 
234.9 232.4 
225.2 223.5 














S P I N  
5.00 






















- f  .b  
REL VEL 












REL MACH NO 
I N  OUT 




















- 1  7.0 
-16.5 
-13.4 









7 .9  
7.8 
7.3 














MERID M A C H  NO 














0.045 0 .  
0.152 0 .  
0.230 0. 
0.232 0. 
0.226 0 .  
0.243 0. 
0.257 0 .  
0.245 0 .  
0.120 0 .  
0.113 0. 
TOTAL TEMP TOTAL PRESS 
I N  RATIO I N  R I T i C  
298.0 1 . 0 0 1  11.03 0.906 
297.8 1.00:  10.82 0.588 




307.9 1 . 0 0 0  
308.1 1 . 0 0 0  



























1 . o  
LOSS COEFF 
TOT PROF 




0.042 0 . 0 4 2  . -
0.027 0.027 
0.054 0 .054  
0.071 0 .071  
0.045 0 .045  













0 .  0. 
0. 3 .  
0. 0. 
0 .  0 .  
u. 3 .  
0 .  3 .  
0. c .  
a. L .  
0. k .  
0 .  0. 
0. 2 .  
'I 
K R : L  PEA<. SS 























0 . 0 0 5  0 . 0 0 5  
0.039 0.039 
TABLE XII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










I O  










I .  










I O  











I O  
1 1  
RAD1 I 












ABS MACH NO 
IN O l l T  
5.418 0.365 
0 .433  0.392 









































31 . o  







O V T  
I , 6  
- 0 . 0  





- 0 . 0  
0 . 3  
0 . 1  
-0.4 
REL VEL 
I N  C C ~ T  
145.5 124.4 
14T.6 135.1 
1 3 . 4  154.8 
2 c 5 . 4  1 6 7 . 3  
2C3.8 163.4 
251.2 175.5  
205.0 1 7 l . d  
2C8.5 172.8 
217.5 181.0 
21: ,5  186.1 
225.2 175.6 
REL MACH NO 














-13 .3  
-13.1 
-12.9 
- 1 0 . 1  
-9.0 
-9.0 
- 1 0 . 1  
-10.7 
-10.8 
- 7 . 7  
-5 .7  
DEV 







8 .2  
8.5 
7.3 
6 .4  
REL BETAM 
I N  N T  
22.5 ! . 6  
21.7 - 0 . 5  
23.6 -0 .4  
29.5 3 . 4  
31 .0  0 . G  
31.2 5.5 
35.6 0.' 
30.2 - 2 . 5  
31.1 0 .3  
31.6 3 . 1  
31.7  - 5 . 4  
. - . .  
172.2  1 6 9 . L  





174.5 1 7 5 . i  
MERlD MACH NO 
IN O C ~ T  
0.387 0 . 3 6 5  
0.395 0.392 
0 . 4 7 0  0.45C 
0,510 0.487 
0.504 0 .491  








0.222 0 .  
0.256 0 .  
0.314 0 .  
0.312 0. 
0.308 0 .  





TOTAL T W ?  
I N  RAT;O 
304.0 1 . 5 0 3  




3 1 1 . 4  0.998 
311 .5  s.393 
310.8 0.999 
307.6 1 . 0 5 0  
30G.9 1 . 5 0 1  
3lL',.5 1 . c 3 5  
I N  
53 .7  
5;. 6 
7 5 .  I 
9 6 . d  
23.3 
C4.d 
2 4 . 2  
05.0 
12.4 
! $ . A  
37.7 
- C . O  
- : .2 
1 .2 
1.5 




- I  .2 
, -  I . .  
LOSS COEFF 


























i N  OC'T 
C. * .  
3 .  
2 .  * .  
5 .  2 .  
*. 
I.. L .  
L .  
1 L .  .i 
C .  
2 .  C .  
2 .  
2 .  0 .  
2 .  (.. L .  b .  
MiR:; PEA<, 5s 
';EL R MACH \ >  















0 . 0 0 8  0.008 
0.013 0.013 
0.009 o.oc9 
0 .006  0.006 
0.009 0.039 





TABLE XII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










I O  





















I O  










I O  
1 1  
- 
RAD[ I 
IN  OUT 
23.894 23.866 
53.393 53.304 






















ABS MACH NO 



































1 0 . 0  164.7  
01.8 166.7 
197.7 152.9 

























































36.6 1 . 1  



















MERID MACH KO 

























IN  RATiO 
307.8 I.002 
307.4 1 .001  










I N  
66.1 





















- I .  I 
LOSS COETT 


































0. 2 .  
0. U .  
0 .  V .  
0. c .  
XERIL PEk/. 5s 


























TABLE XII. - Continued. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










I O  




















I O  










I O  
























ABS M4CH NO 




5.529 0 .402  
0.527 0.404 
C.531 0 .408  































R t L  VEL 
IN  CUT 
137.9 105.7 










RCL MACH NO 












PERCENT INCIDENCE DEV 
SPAX MEAN SS 
5.30 5.5 -0.7 10.6 
10.00 4.0 -2.0 10.2 
30.00 5.9 0.4 9.8 
50.00 5.6 0.8 10.0 
52.50 6.9 2.2 9.5 
55.00 7.7 3.1 9.6 
57.50 7.3 2.7 9.6 
60.00 5.6 1 . 1  9.7 
70.00 -0.0 -4.2 10.8 
90.00 0.6 -3.1 7.9 




















1 . A  
: . 9  




- 0 . 4  
MERID \'EL 
IN  CUT 
113.5 105.5 
117.8  113.3 
133.0 128.6 
139.7 140.5 







MERID MACH NO 




0.404 0 . 4 0 2  





















311.3 1 . 0 0 1  








308.8 1 .004  
307.9 1.064 






























0 .071  0.071 
0.055 0.055 






T C i P ;  PRESS 












WEE;  SPEEC 
i N  CL'T 
3. \I. 
0. U .  
3. 5 .  
3 .  2 .  
3 .  I. 
c .  3 .  
2 .  2 .  
c .  c .  



















TABLE XII. - Concluded. BLADE-ELEMENT DATA AT BLADE EDGES FOR 
STATOR 18 (CLEAN INLET FLOW); 70 PERCENT OF DESIGN SPEED 










I O  











I .  . b  











I O  














I N  OUT 
2 3 . e ~  23.866 _  . ~ ~ 
23.393 23.304 










;N S i ' i  
139.3 152.9 
140 .9  1c5.2 
162.5 123.2 
le:.: 133.2  
::e.- 133.' 
1-8.6 135.2 
! 8 2 . 3  137.: 
! 8 6 . 7  142.8 
2 : 8 . :  !4$.: 
! 9 2 . 2  ! 4 $ . 2  
!88.9 134.8 
ABS MACH NO 
ih; W T  
D.395 0.79c 








0.5% 0 . d 7 0  
0.553 0.388 
ABS BETAM 
IN  OUT 
55.6 -0.4 
4 8 . 7  2.1 
45.3 3.9 
46.4 1 . 7  
4 7 . 7  1.5 
48.8 1 . 3  
49.0  1.5 
4 7 . 8  2.2 
39.9 3.8 
36.9 1.2 
36.8 - 0 . '  
RE i  VEL 




182.'  133.c 
178.: 133.7 
! 7 8 . 6  135.0 
167.3 1 3 7 . 5  
186.- 142.8  
228.2 ! A ' ? . :  
195.2 1L9.2 
188.9 1 3 L . 8  




0 . 4 6 5  0.340 
0.514 0.385 
0.514 0 . 3 8 4  
0.524 0.395 








1 0 . 0 0  











26.5 20.3 7.0 
20.0 13.9 8.3 
14.2 8.8  11.3  
11.7 6.9 9.7 
12.5 7.8 9 . 6  
13.2 8.5 9 . 4  
12.9 8.4 9.: 
11.4 6.9 10.4 
2.2 -2.0 12.0 
3.1 -0.6 6 . 7  
1.3 -2.4 8.4 
REL BEiAM 
I N  OUT 
55.6 -0.4 
4 8 . 7  2.1 
45.3 3.9 
46.4 1 . 7  
4 7 . 7  1.5 
48.8  1 . 3  
49.0 1.5 
4 7 . 8  2.2 
39.9  3.8 
36.9 1 .2  
36.8 - 0 . 1  
KERlD i'EL 
I N  OPT 
7 6 . 8  lC2.G 
9 2 . 9  1c5.0 
14.3 1 1 9 . 7  
2 4 . 5  137.9 
zc.4 133.6 
17.6 135.2 
1 9 . 7  13:.3 
? 6 . 7  142 .7  
159.6 1 4 P . L  
152.1 lL9.5 
151.3 134 A 
MER I D  M A C H  hi3 
1 %  3C'T 
0,223 0.293 
0.264 0.296 
n 7 7 -  a zz,j 
V I  -1,. I V I  _._.; 
0.358 0.376 
0.346 0.385 
0.336 0 .38L  
0.344 0 . 3 ? 5  
0.365 0 . 4 5 7  
0.464 0.427 
0 . 6 4 5  3.429 
0.443 0.388 
D-FACT EFF 
0.577 0 .  
0.524 C. 
0.483 0 .  
0.474 3 .  
0.468 0 .  
0 . 4 6 9  5 .  








318.2 1 . 0 5 :  
317.1 0.999 
317.2 o : &  
317.1 0.999 
316.7 l.CO0 
317.7  0.997 
317.6 3.996 
315.7 0.999 
309.2  1.005 
306.2 1.005 


















































I N  3C'T 
2 .  b .  
2 .  L .  
6. *. 
L .  L .  
L .  .. 
b .  L .  
.. i. 
5 L .  
3 b .  
.. 
L .  
2 .  .. 
;css PA2AY 
T O T  PRCF 
5.092 5.;+2 
0.376 3 . 2 - 8  
0.i65 3.265 






0 . 0 : s  :.a:; 
0.035 5.335 
60 
TABLE XIII. - OVERALL PERFORMANCE FOR STAGE 21-18; 
7-MESH SCREEN (TIP RADIAL DISTORTION) 
(a) 100 Percent of design speed; tip radial distortion, 0 .127  
Parameter I Reading 
RJTOR TOTAL PRESSURE R A T I O  
STAGE TOTAL PRESSllRE RAT I O  
ROTOR TOTAL TEMPERATCIRE RAT IO 
STAGE TOTAL TEMPERATllRE RAT 10 
ROTO4 TEMP. R ISE EFFICIENCI 
STAGE TEMP. RISE EFFIClENi r  
ROTOR MOMENTUM R I S E  EFFICIENCY 
RSTOR HEAD RISE COEFFICIENT 
STAGE HEAD RISE COEFFICIENT 
FLOW COEFFICIENT 
WT FLOW PER 1'NIT FRJNTAL AREA 
l4T FLOW PER ('NIT ANNIILUS AREA 
NT FLOW A T  ORIFICE 
n'T FLOW A T  RSTOR INLET 
dT FLSW A T  ROTOR Ol!TLET 
dT FLSW A T  STATOR OUTLET 
W T A T  I \'E SPEEL! 
'ERCENT OF DESIGN SPEED 
2687 
I . ! i l (  
I .48Z 
1.15: 
I ,  141 
0.81; 
5.801 
0 * 802  
0.251 




30. 4 J  
3 5 . 4 :  
JO. 1 I 
30.03 
16Otlir. 9 







































(b) 70 Percent of design speed; tip radial distortion, 0.044 
Parameter 
ROTOR TOTAL PRESSURE R A T I O  
STAGE TSTAL PRESSURE R A T I O  
ROTOR TOTAL TEMPERATURE RATIO 
STAGE TOTAL TEMPERATURE R A T I O  
ROTOR TEMP. R I S E  EFFICIENCY 
STAGE TEMP. R I S E  EFFICIENCY 
ROTOR MOMENTUM R I S E  EFFICIENCY 
ROTOR HEAD R I S E  COEFFICIENT 
STACE HEAD RISE COEFFICIENT 
FLOW COEFFIC IENT 
UT FLOW PER UNIT FRONTAL AREA 
WT FLOW PER UNIT ANNULUS AREA 
UT FLOW A T  ORIFICE 
WT FLOW A T  ROTOR INLET 
UT FLOW AT ROTOR OUTLET 
UT FLOW AT STATOR OUTLET 
ROTAT I VE SPEED 





























































TABLE XIV. - OVERALL PERFORMANCE FOR STAGE 21-18; 
20-MESH SCREEN (TIP RADIAL DISTORTION) 
(a) 100 Percent of design speed; tip radial distortion, 0. 164 
2646 2645 
-. - 









149 .74  148.32 
200.81 198.90 
29.84 29 .55  
30.39 30 .13  
29.89 29.44 
























ROTOR TOTAL PRESSURE RATiO 
STAGE TOTAL PRESSURE RATIO 
ROTOR TOTAL TEMPERATURE R A T I O  
STAGE TOTAL TEMPERATURE RATIO 
ROTOR TEXP. RISE EFFICIENCY 
STAGE TCMP. R ISE EFFICIENCY 
ROTOR WOMENTUM R I S E  EFFICIENCY 
ROTOR HEAD R I S E  COEFFICIENT 
STAGE HEAD RISE COEFFICIENT 
FLOW COEFFICIENT 
Ir'T FLOU PER UNIT FRONTAL AREA 
l iT F L W  PER UNIT ANNULUS AREA 
AT FLW A T  ORIFICE 
l i T  FLOrl A T  ROTOR IhLET 
UT FLOG A T  ROTOR OUTLET 
WT FLOW A T  STATOR OUTLET 
ROTAT I \'E SPEED 
XRCENT OF DESIGN SPEED 
I I 
(b) 70 Percent of design speed; tip radial distortion, 0.070 
Parameter 
R i T L ' R  T2:AL PRESSL'RE R A T  13 
STAGE TCTAL PRESSLIRE R A T  IO 
RSTSR T O T A L  TEMPERATURE RATIO 
S T A G E  ' 3 T X  TENPERATVRE R A T I O  
RSTCR TEN?.  RISE EFFiClEKCI 
S T A X  TEXP. RlSE EFFICIENC\ 
RZT3R MSMENTUM RISE EFFlClCNCY 
QCTOR HEX! RISE COEFFlCiENT 
S T A X  K A 1 \  RISE CJEFFICIENT 
K J i i  CCEFFICICNT 
k: FLJL; PER I ' N l i  FRONTAL AREA. 
i: rLcn PER L'NIT ANNULUS AREA 
n: F;C;i A T  ZRlFlCE 
i: FLJii A T  ROTOR IhiLEi 
ii FL3l i  A T  RJTJR OUTLCT 
4: FLZii A: STATOR OUTiET 
K T A T  !\'E SPEED 





1 * 566 








23. ! ?  
23 .53  
23 .13  
22 .93  
11283.4 








0 .873  













TABLE XV. - OVERALL PERFORMANCE FOR STAGE 21-18; 
7- A N D  20-MESH SCREENS (TIP RADlAL DISTORTION) 
(a) 100 Percent of design speed; tip radial distortion, 0.189 
Parameter  
ROT24 TOTAL PRESSURE R A T i i  
S' , u u t  -- iOT4L PRESSURE R A i l O  
RO'iCR TOTAL TEXPERATURE RATIO 
STAGE T O T A i i  TEflPERATLIRE RAT I O  
ROTOR TEMP. RiSE EFFlClENCI 
STAGE TEMP. RISE EFFICIENCY 
ROTOR MO#ENTUM RISE EFFICIENCY 
RSTOR HEAD RISE COEFFICIENT 
STAGE HEAD RISE COEFFICIENT 
FL0i-i CCEFFiClENT 
K FLCil PER VNIT FRONTAL AREA 
KT FLCri PER LIN;; AKNULUS AREA 
AT F : C M  A i  ilRiFICF .. _. 
1.4: FLCd AT RS'OR INLET 
AT r~aI.4 A: ROTOR OUTLET 
nT FLCri A: STATOR OUTLET 
W T A T  I L'E SPEED 
PERCENT OF DESiGN SPEED 
2626 
I .A65 
; . 4 4 :  
I .  1.48 


















1 . 5 4 4  
I .  l6G 
I .  160 














(b) 70 Percent of design speed; tip radial distortion, 0.082 
Parameter  
9;TSR T O T A L  PRCSSI'RC RiTlO 
S T A G E  T O T A L  PRESSURC RAT;O 
9 5 : X  TO'AL TEXPERATCRE R A T i O  
STAGE T O T A L  TEKPERATL'RE R A T 1 3  
RST5R T C W .  RISE EFFlC;ENC'I 
STAGE TCXP. R:SE EFF!CIE:NC'I 
ROTOR WXCNTUM RISE: EFFICIENC'r 
RSTOR HEAD RiSE C5EFF;CiEW 
S T A G E  H E X  RiSE C0EFF:ClENT 
FLOi; CiEFFiCiENT 
i l T  FLCA PER I'K:T FRZKTAL AREA 
A i  F L 5 1  PER LINIT ANNULVS AREA 
r iT T L W  A T  3RIF;CE 
t4T FLOK A T  ROTOR [;\;LET 
AT FL iK  A T  ROTOR OVTLET 
AT FL5i.1 A T  STATCR O L ~ T L E ~  
I M I 1 L'E SPEED 
PERCENT SF D E S l i N  SPEED 




















7 8 . 2  
2621 
I .2:3 
1 .'a ' , 5 8 1  
I .  583 





0 . 4 : 5  
102.46 
1 3 - . 1 2  







. . .. . - . . 
TABLE XVI. - OVERALL PERFORMANCE FOR STAGE 21-18; 
20-MESH SCREEN (HUB RADIAL DISTORTION) 
(a) 100 Percent of design speed; hub radial distortion, 0.133 
2666 2665 








0 .173  0.131 
0.446 0 . 4 4 1  
151.53 150.47 
203.21 201.73 






























ROTOR TOTAL PRESSURE RATIO 
STAGE TOTAL PRESSURE RATIO 
ROTOR TOTAL TEMPERATURE RATIO 
STAGE TOTAL TEMPERATURE RATIO 
ROTOR TEVP. RISE EFFICIENCY 
STAGE TEMP. RISE EFFICIENCY 
ROTOR MOMENTUM RISE EFFICIENCY 
ROTOR HEAD RISE COEFFICIENT 
STAGE HEAD RISE CCEFFlClENT 
FLOW COEFFICIENT 
WT FLOX PER UNIT FRONTAL AREA 
WT FLOW PER UNIT ANNULUS AREA 
RT FLOi! AT ORIFICE 
UT FLOW A T  ROTOR INLET 
UT FLOW AT ROTOR OUTLET 
WT FLOW AT STATOR OUTLET 
ROTATIVE SPEED 
PERCENT OF DESIGN SPEED 
(b) 70 Percent of design speed; hub radial distortion, 0.027 
Parameter 
ROTOR TOTAL PRESSURE RATIO 
STAGE TOTAL PRESSURE RATIO 
ROTOR TOTAL TEKPERATURE RATIO 
STAGE TOTAL TEMPERATURE RATIO 
ROTOR TEFIP. RISE EFFICIENCY 
STAGE TEMP. RISE EFFICIENCY 
ROTOR MOMENTUM FISC EFFICIENCY 
ROTOR HEAD RISE COEFFICIENT 
STAGE HEAD RISE COEFFICIENT 
FLOW COEFFICIENT 
WT FLON PER UNIT FRONTAL AREA. 
XT FLOU PER UNIT AiiNULUS AREA 
WT FLON AT ORIFICE 
UT FLOW AT ROTOR INLET 
WT FLOW AT ROTOR OUTLET 
i;T FLOW 8’7 STATOR OUTLET 
ROT A T  I VE SPEED 
PERCENT OF DESIGN SPEED 
2662 
1.203 

































1 7 . 5 3  





. . .. .- 
2658 












99. I ?  
14.74 
14.86 
1 5 . 0 4  
16.76 
1251.4 
































































' m a  - 'min 
I 























































Tip radial distortion, 0.189 
10.804 
































































































7nstrumentat ion survey station. 




i I d Airflow - I l l  I 
Figure 1. - Flow path for stage 21-18, showing axial location of in- 
strumentation. 
66 
,- Ai r  inlet (atmosphere) 
I 
11.2x106-w Gearbox (speed 
drive motor 
I 
Refrigerated a i r  riser (1500-h~) increaser) 
Work platform I i n \  
,-Vaned elbows 
I 
la. 92-cm butterfly mlve- 
CD-8338-11 \ 'LStraightener screen \ 
Plenum chamber 
Figure 2. - Compressor test facility. 
67 
la) Rotor 21. 
RTE=0.0254cm7 , Figure 4. - Stator 18. 
Flow 
I) 34 cm 
RE = 0.0254 cm t 
(b) Rotor damper. 
Figure 3. - Rotor 2l and damper cross section. 
-- Two nu I I - balanci ng  
Fressure taps for 
flow angle p e a s u r e r e n t  
I 
t 
(a) Combination total pressure, total temperature, and flow 
angle probe (double barrel  probe). 
(b) Static pressure probe (8O wedge). 
Figure 5. - Sensing probes. 
Combination probe k 
I 1 
I 
(a) Station 1. 
I 
(b) Station 2. 
8' Wedge probe 
Static pressure taps 
(c) Station 3. 
CD-11335-14 
Figure 6. - Circunferent ia l  location of instrunlentation at measuring stations - facing downstream 
69 






1 -2 I I 




v @  
Design /-w 


















0 9 0  
0 70 



























l . T  
1.00 
(b) Total temperature ratio. 
.- c 0 2 . 0 1  
- ; CL m l . 6 - 5 ? 5 ?  9D 
c 
20 40 60 80 100 
1.2 D D  I 
0 
Tip Huh 
(c) Total pressure ratio. 
lor 
Equivalent weight flow, 
kglsec 









(d) Incidence angle to blade suction surface. 
1. 
. 61 I I I I I 
(e) Meridional velocity ratio. 
.- 
n 




Spanwise location, percent of span from tip 
0 
(g)Total pressure loss parameter. 
.%r- 
A D  D 
.M 
0 
( h l  Total pressure loss coefficient. 
I3 D D  
2- 
0 20 40 64 80 100 
Tip Hub 
(f) Deviation angle. 
Figure 10. - Radial distribution of rotor 21 performance for 100 percent design speed. Clean inlet flow. 
iil Diffusion factor. 
.- 
I 
10 r Equivalent weight flow, 
(a) Incidence angle to blade suction surface. (d) Total pressure loss parameter. 
b 




" 0  
D D  D 
-u 
20 40 80 100 60 0 20 40 60 80 100 
Tip Hub Tip Hub 







I I n 
(c) Deviation angle. ( f )  Diffusion factor. 
Figure 11. - Radial d istr ibut ion of stator performance for 100 percent design speed. Clean in le t  flow. 
73 
-c- Clean inlet flow r 
-a- Undistorted flow (with 
backup screen) 
0 Design - 
100 Percent 
design speed -, 
1 . 2 -  
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Figure 12. -Effect of backup screen on clean inlet overall performance. 
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(a) Tip distortion, 0.127. (bl Tip distortion, 0.164. 
Figure 13. -Effect of radial distortion on overall rotor performance. 
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Figure 13. - Concluded. 
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(a) Tip distortion, 0.127. (b) Tip distortion, 0.164. 
Figure 14. -Effect of radial distortion on overall stage performance. 
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Figure 14. - Concluded. 
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Figure 15. - Comparison of overall rotor performance 
w i th  and without distortion (design speed). 
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Figure 16. - Comparison of overall stage performance 
with and without distortion (design speed). 
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Figure 17. - Spanwise location of streamlines enter ing and leaving rotor 
blade row wi th  and without distortion at  same weight flow and at design 
speed. 
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(d) Outlet total pressure. 
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(e) Axial velocity ratio. 
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(c) In le t  axial velocity. (f) Outlet axial velocity. 
Figure 18. - Radial distr ibutions of rotor blade - element parameters (us ing actual streamlines) at same flow wi th  and wi thout  
distortion (design speed). Corrected weight flow. (Wdi/6)/(Wfl/b)des, 1.005. 
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(g) Efficiency. (j) Total pressure loss coefficient. 
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(k) Diffusion factor. 
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la) Inlet total pressure. (d) Outlet total pressure. (g) Total pressure I k s  coefficient. 
(c) Inlet axial velocity. (f) Axial velocity ratio. 
Figure 19. -Radialdistributionsofstatorbladeelementparameters (using actual streamlines) at same flow with and without distortion (design speed). Corrected weight flow, (Wfi/6)/(Wfi/6)de,. 1.005. 
(il Deviation angle. 
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